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Stable dinuclear complexes bis(heptane-2,4,6-trionato)dicopper(II) [Cu2(daa)2],
bis(1,5-diphenyl-1,3,5-pentanetrionato)dicopper(II) [Cu2(dba)2], bis(1,5-diphenyl-1,3,5pentanetrionato)dicobalt(II) [Co2(dba)2], and [6,11-dimethyl-7,10-diazahexadeca-5,11diene-2,4,13,15-tetranato(4-)-N7N10O4O13;O2O4O13O15] copper(II)cobalt(II)
[(CuCo(daaen)] were supported on Cab-O-Sil by the batch impregnation technique. The
supported samples were characterized by UV-Vis, elemental analysis, X-ray powder
diffraction (XRD), diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS),
and thermal gravimetric analysis (TGA). Elemental analysis and TGA data confirm that
the Cu2(daa)2 complex loses one of its coordinated ligands upon adsorption onto silica in
THF at greater than 4.43 wt% Cu loading. By contrast, at all Cu loadings the Cu2(dba)2
complex was adsorbed on the silica surface in CH2Cl2 without loss of ligand. XRD and
DRIFTS results confirmed the formation of Cu2(dba)2 multilayer films on the Cab-O-Sil
surface for samples containing greater than 2.64 wt% copper. The dinuclear cobalt
complex and copper-cobalt complex also do not lose their coordination ligands upon

adsorption on the surface. These two metal complexes are amorphous and did not
produce XRD patterns. However, DRIFTS results confirm that the binuclear cobalt
complex and the copper-cobalt complex begin forming multilayer films between 1.21and
2.53 wt% Cu.
The Cu2(dba)2/silica precatalysts were subsequently converted to the catalysts by
decomposing the organic ligands at 450 degrees Celsius followed by activation with 2%
H2 at 250 degrees Celsius and were evaluated for methanol synthesis and methanol
decomposition reactions. Kinetic studies demonstrated that the 3.70%
Cu/silica[Cu2(dba)2] catalyst is more active for methanol decomposition than it is for
methanol synthesis.
The supported dinuclear cobalt and copper-cobalt precatalysts were converted to
the catalyst by heating at 450 degrees Celsius followed by activation of the catalysts with
50% H2. Four different catalysts, 3.5% Co/silica[Co2(dba)2], 6.7% Co/silica[Co2(dba)2],
2.3% Co/silica[CuCo(daaen)], and 5.5% Co/silica[Co2(daa)2] were evaluated for the
Fischer-Tropsch reaction at 350 degrees Celsius in a batch reactor. The supported
binuclear cobalt catalyst produced C1-C7 alkanes and a significant amount of CO2. By
contrast, the catalyst formed from heterobinuclear CuCo(daaen) showed the ability to
convert syngas to aromatics with a narrow product distribution. In addition, the 6.7%
Co/silica[Co2(dba)2] multilayer catalysts have above 98% conversion rates and 60%
liquid hydrocarbon selectivity in a flow reactor.
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CHAPTER I
INTRODUCTION

1.1

Brief History of Hydrocarbon Synthesis from Syngas
Synthesis of hydrocarbon from syngas (CO + H2) was first reported in 1902 by

Sabatier and Senderens.1 The reaction was conducted over cobalt or nickel catalysts at
temperatures between 180-200ºC and 1 atm pressure.1 Twenty years later, Hans Fischer
and Frant Tropsch discovered the synthol process which led to the synthesis of
oxygenated hydrocarbon products from syngas.2 For this reaction, iron chips were used as
catalysts at high temperatures (400ºC) and high pressures (>100 atm). The oxygenated
products obtained were then separated and converted to a mixture of hydrocarbons by
heating under high pressure.2 Three years later, they reported that low pressure reaction
conditions were favorable for the production of long chain hydrocarbons over Fe/ZnO or
Co/Cr2O3 catalysts.3,4 The studies of Hans Fischer and Frant Tropsch laid the foundation
for the early development of hydrocarbon synthesis from syngas which was later named
the Fischer-Tropsch (FT) process in honor of these two scientists.4 Large scale FT
synthesis was started in Germany in 1936 with a capacity of 200,000 tons of liquid
hydrocarbon products per year.5 After World War II, the FT process gained much
attention due to the limited supplies of fossil fuels in certain countries.6 After decades of
research and development, the FT process is currently operating around the world by
1

many major petroleum companies such as British Petroleum (BP), Exxon Mobil, Shell,
ConocoPhillips, Petro SA, and Sasol.4,7,8
1.2

Synthesis of Clean Fuels from Fischer-Tropsch Synthesis
The synthesis of clean fuels from natural gas is of interest due to elevated oil

prices and limited availability of crude oil reserves.9,10 Since natural gas is more abundant
worldwide than crude oil, conversion of natural gas to clean fuels is beneficial to the
world economy.8 Technology has been developed to convert natural gas, coal, and
biomass to syngas.4,11,12 Syngas is then transformed to clean fuels by the FT process.
Natural gas, coal, and biomass derived syngas is free from sulfur. Therefore, fuels
generated from these starting materials do not produce SOx emissions.4,5 In addition, the
FT synthesis produces less than 1% of aromatic compounds, whereas crude oil derived
fuels contain a higher amount of aromatic compounds, which emit more carcinogenic
compounds when burned.4 Since the FT process helps converting natural gas to clean
fuels, it is considered part of the gas to liquid technology.7
1.3

Activity of Transition Metals on Fischer-Tropsch Synthesis
In FT synthesis, CO and H2 are catalytically converted to a mixture of products

mainly containing alkanes, alkenes, and oxygenated products.13 The synthesis of
hydrocarbons from syngas can be expressed according to the following equations.5,7
n CO + (2n+1) H2

CnH2n+2 + n H2O

n CO + 2n H2
2n H2 + n CO

CnH2n + n H2O
CnH2n+1OH + (n-1) H2O

2

(1.1)
(1.2)
(1.3)

Ruthenium, iron, nickel, and cobalt catalysts are more active for the FT reaction,
but other metal catalysts such as yttrium, platinum, and palladium have also been
investigated.4,14 The catalytic activity of these transition metals for the synthesis of high
molecular weight hydrocarbons increases in the order Pt < Pd < Rh < Co < Ni < Fe <
Ru.4,14,15 Ruthenium is an expensive, low abundance metal and is therefore less attractive
for industrial use.15 Under FT synthesis reaction conditions, nickel shows high selectivity
for methane formation.16 For these reasons, iron and cobalt catalysts have attracted the
most interest for the FT reaction. Both metals are widely used in industry, although cobalt
catalysts have several advantages over iron catalysts for FT synthesis.4 Cobalt catalysts
are fairly expensive but are more resistant to deactivation compared to iron during the FT
reaction. Reported CO conversions are much higher with cobalt catalysts than iron
catalysts.15 In addition, the water gas shift reaction (Eq. 1.4) is less significant with cobalt
catalysts.4
CO + H2O

CO2 + H2

(1.4)

The major disadvantage of both cobalt and iron catalysts is that the catalyst can
become deactivated in the presence of sulfur.4 Supported cobalt catalysts are normally
operated at narrow temperature (200-240ºC) and pressure (20-45 atm pressures) ranges
because high temperature reaction conditions form methane with high selectivity.4
Depending on the operating temperature, the FT process is divided into two
categories. At temperatures ranging from 300 to 350ºC the reaction is known as a high
temperature FT process, while at temperatures ranging from 200 to 240ºC it is a low
temperature FT process.17 For the high temperature FT process, iron catalysts are used,
and for the low temperature process, iron and cobalt catalysts are used. In a low
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temperature FT process, long chain hydrocarbons, waxes, and paraffins are produced
using iron and cobalt catalysts, whereas α-olefins and oxygenated products ranging from
C1-C15 are synthesized during a high temperature FT process.4,18-20
FT synthesis is a surface polymerization of CHx monomer species generated from
CO and H2 which often leads to the formation of long chain hydrocarbons.21 The
molecular weight distribution of product is described by a chain polymerization kinetic
model which is known as the Anderson-Schultz-Flory (ASF) distribution.22-25 The ASF
distribution can be expressed by equation 1.5.26
Wn = n(1-α)2αn-1

(1.5)

Wn represents the weight fraction of products with carbon number n and α is the
chain growth probability. The α value varies from 0 to 1 and Wn, n, and α values depend
on the catalysts and operating conditions. When α < 0.3, the major products are C1-C3
hydrocarbons, whereas with 0.6-0.9 α values, products become predominantly high
molecular weight hydrocarbons such as found in gasoline and diesel. A graphical
representation of this equation is depicted in Figure 1.1.
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Figure 1.1

Hydrocarbon selectivity modeled by ASF distribution (modified from
ref.5).

FT synthesis is a complex process which involves a variety of different reactions
on the catalytic surface. Four different reaction mechanisms: carbide, enolic, vinyl, and
CO insertion mechanisms have been proposed for the formation of hydrocarbons and
oxygenated products.5 The iron catalysts are believed to follow an enolic mechanism in
which alcohols are being formed as the major products.27 It is accepted that the cobalt
catalysts follow the carbide mechanism (also known as the alkyl mechanism) which
involves the formation of linear and branch hydrocarbons.27 The alkyl mechanism
involves the stepwise addition of CH2 groups to the growing alkyl chain which can be
described using initiation, propagation, and termination steps as follows.11,27

5

Figure 1.2

The CH2 insertion mechanism (modified from ref. 24)
6

The surface species can undergo three different reaction pathways. As shown in
Figure 1.2, the surface absorbed CH2 species can desorb and then produce alkenes.
Secondly, the surface species can undergo hydrogenations to produce alkanes. Thirdly,
the surface species can continue the chain growth process by adding CH2 groups.24
FT synthesis is a well established process and is used on the industrial scale, but
finding more suitable catalysts for synthesizing a narrow product distribution is still
desirable. Due to this reason, supported cobalt catalysts have been studied extensively for
FT synthesis.4,7,8 The following section will briefly describe the use of supported cobalt
catalysts in FT synthesis.
1.3.1

Use of Cobalt Catalysts in FT Synthesis
Cobalt catalysts show excellent activity and selectivity for FT synthesis. Cobalt

catalysts have several advantages over other metal based catalysts. Cobalt has a high
selectivity for the formation of long chain hydrocarbons, resistance to oxidation by water,
low water gas shift activity, low olefin selectivity, and low oxygenate selectivity.5,28-31 It
has been found that supported cobalt catalysts are more resistant to attrition than
supported iron catalysts. Knowledge of the active site for cobalt catalysts is important
when designing new catalysts for FT synthesis. Evidence has been found for the
existence of cobalt metal particles before, during, and after FT synthesis.19,21,32-34 As a
result, it is generally believed that supported cobalt metal particles are the active species
for FT synthesis. Oxidation of cobalt particles to cobalt oxides such as CoO and Co3O4
leads to the deactivation of the catalyst.4,19 In addition, formation of cobalt carbide
species decreases the rate of the FT reaction.4,35 Cobalt oxides participate in other
secondary reactions reducing the rate of formation of desired FT products. The water gas
7

shift reaction, olefin isomerization, reinsertion and hydrogenolysis, are some of the side
reactions that are catalyzed by cobalt oxides.4
A variety of cobalt precursors have been used to prepare cobalt supported
catalysts.4 Cobalt single crystal surfaces alone have the ability to catalyze FT synthesis.36
The crystal surfaces of cobalt have been exposed to syngas (CO/H2 = 2) at 493-573 K and
0.1 MPa pressure.36-39 Analysis of the reaction products confirmed the presence of
methane as the major product and a small amount of long chain hydrocarbons as well.
Based on these studies, the authors concluded that FT synthesis can be performed on
cobalt metal surfaces. The CO conversion is low compared to the supported cobalt
catalysts.36,37,39
Modification of surfaces with thin films of cobalt complexes has allowed the
customization of surface properties for catalysis.40 Over the last few decades,
organometallic and transition cobalt complexes have been used extensively for the
synthesis of supported cobalt catalysts.41 Much of the work reported in the literature
focused on the use of cobalt carbonyls and cobalt carbonyl clusters as organometallic
precursors to affix to silica, alumina, titania, activated carbon, zeolites, and magnesia
supports.42-51 The function of the catalytic support is to provide mechanical strength and
control the dispersion of the active metal species on the support. Alumina support
strongly interacts with cobalt oxide particles and forms well-dispersed cobalt catalysts.
As a result, the size of the cobalt particles is relatively small. The presence of strong
interactions makes cobalt species more resistant to reduction. In supported cobalt
catalysts, cobalt particles interact less strongly with silica supports than with alumina
supports, allowing the resulting cobalt catalysts to be more easily reduced.52 However,
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weak interactions make it difficult for the cobalt atoms to be dispersed on the surface.
Under similar reaction conditions, the catalytic activity of cobalt catalysts is increased in
the order of Co/magnesia, Co/carbon, Co/silica, Co/alumina and Co/titania.8,53 The
surface area and acidity of the support have a dramatic effect on the catalytic
performance. The cobalt particles are dispersed to a greater extent on supports with a
high surface area. The acidity of the support plays an important role in determining the
distribution of products.8 For example, low acidic non-zeolite supported catalysts produce
straight chain hydrocarbons.8 Acidic zeolite supported cobalt catalysts produce highly
branched hydrocarbons.54,55
The influence of catalytic precursors on cobalt catalysts on FT synthesis has been
examined with different catalytic precursors.56,57 For instance, studies using
Co(CH3COO)2, Co(acac)2, and Co(NO3)2 on TiO2 supports have shown that cobalt
dispersion is greater in organic bound ligands such as Co(acac)2.56 Similar observations
were reported with cobalt EDTA.57 The main reason for this is the metal precursor
support interactions are greater with organic ligands than with inorganic ligands.
Therefore, the cobalt species are dispersed to a greater extent on the support.
FT synthesis is a highly exothermic process, and the generated heat should be
removed in order to improve product formation.8 Also, if the heat is not removed,
catalyst deactivation takes place. The resistance of the supported catalysts to attrition is
reported in the order of Co/Al2O3 > Co/SiO2 > Co/TiO2.58
Supported catalysts have better catalytic performance than unsupported metal
surfaces. The chain growth probability is much higher in supported catalysts.36 The
product distribution also differs from single crystal surfaces and supported catalysts. This
9

is attributed to the existence of a material gap between the metal active species in
supported catalysts.37 The majority of FT synthesis work has been reported on supported
cobalt catalysts. The aqueous impregnation technique has been used extensively to
prepare supported cobalt catalysts.4 Cobalt nitrate, acetate, chloride, and amine are
widely used as precursors in these impregnation methods. The cobalt carbonyls are
another class of precursor compounds utilized in aqueous impregnations.50 Cobalt
carbonyls are dispersed on the support surface through ligand exchange mechanism and
form well dispersed cobalt species for catalysis.4,59 A variety of metal carbonyl
precursors are available for catalysts preparation. These include bimetallic Co2(CO)8 and
polymetallic Co4(CO)12 precursors.59 The catalysts synthesized from Co2(CO)8 have a
better cobalt dispersion than the catalysts synthesized from Co4(CO)12 but have low
reducibility.59 Co2(CO)8 and Co4(CO)12 based catalysts have excellent reactivity when
compared with cobalt salt impregnated catalysts. The Co4(CO)12 catalyst has a higher
catalytic performance than the Co2(CO)8 catalyst.59,60 However, catalysts derived from
cobalt carbonyls are easily deactivated during the FT reaction versus cobalt impregnated
catalysts.4,61
Use of other metals with cobalt such as platinum, palladium, rhenium, and
ruthenium as promoters to improve the dispersion, resistance of cobalt particles to
deactivation and chemisorptions of hydrogen and carbon monoxide on supported cobalt
catalysts.62-66 A promoter does not participate in the catalytic reaction but improves the
catalytic properties of the catalyst. In addition, metal oxides including ThO2, MgO,
Al2O3, and ZrO2 also act as promoters for cobalt catalysts.67 Mixed metal oxide supported
cobalt catalysts have excellent selectivity for higher alcohol synthesis. In this regard,
10

supporting copper with cobalt on oxide supports as catalyst has gained considerable
attention for preparing various alcohols from syngas. The following section will discuss
the use of copper-cobalt catalysts in syngas conversions.
1.3.2

Use of Copper-Cobalt Catalysts in FT Synthesis
Higher alcohols are important as clean fuels and as valuable materials in the

chemical industry.68 Low molecular weight alcohols are used as motor fuel blends. The
C1-C2 alcohols have high octane numbers compared to other motor fuel blends such as
isobutene.68 The C1-C2 alcohols are cheaper than other motor fuel additives, making them
economically attractive. The conversion of syngas to alcohols has been performed using
several catalytic systems such as Cu-Zn, Zn-Cr, Mo-Cu and Cu-Co.69-71 Among these
systems, copper-cobalt catalysts have gained much attention for several reasons. The
copper-cobalt supported catalysts have high selectivity and high activity for producing
alcohols under mild reaction conditions.68 Copper is an active metal in methanol
synthesis. It is accepted that in copper-cobalt catalysts, copper is active for the
dissociation of hydrogen after chemisorption.68 The function of cobalt is to dissociate
absorbed CO and thereby participate in C-C chain growth after hydrogenation.4,68
Therefore, the synergistic effect of copper and cobalt metals is responsible for the
formation of higher alcohols in copper-cobalt catalysts.68
Several preparation techniques have been reported for the preparation of coppercobalt supported catalysts. A recent study used an aqueous impregnation technique with
Co(NO3)2·6H2O and Cu(NO3)2·3H2O metal precursors to produce copper-cobalt catalysts
on a SiO2 support.68 The 20 wt% Co and 8 wt% Cu loaded samples were studied with
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different impregnation sequences. The catalysts were active for C1-C5+ alcohol synthesis
with 23-27% CO conversion efficiency.
Another CuCo/SiO2 catalyst was prepared by impregnation using
Cu(TMDE)Co(CO)4 as an organometallic precursor for CO hydrogenation and
hydroformylation of ethylene.72 In this study, 2.39 wt% copper and 2.08 wt% cobalt
supported catalyst had a 1.5-2.4% CO conversion with C1-C2 alcohol production in the
160-200ºC temperature range.72
A recent study demonstrated that the catalytic activity of carbon nanotube
supported copper-cobalt catalysts can be successful in synthesizing higher alcohols.69 An
ultrasound-assisted impregnation method was used to deposit copper and cobalt on
carbon nanotubes.69 The carbon nanotubes were treated with HNO3 prior to impregnation
to promote catalytic dispersion. The authors found that the untreated, carbon nanotube
supported cobalt catalyst has a 21% CO conversion whereas a HNO3 treated carbon
nanotube supported cobalt catalyst has 69% CO conversion..69 This observation suggests
that higher CO conversions can be achieved with higher cobalt dispersions on catalytic
supports.
Supported copper catalysts synthesized as part of the current study are used in
methanol synthesis and decomposition reactions. The next section will briefly discuss the
importance of methanol synthesis and decomposition reactions, and use of supported
copper oxides as catalysts for these reactions.
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1.3.3

Use of Copper Catalysts in Syngas Conversion Reactions and Methanol
Decomposition Reactions
The methanol synthesis reaction has been studied extensively over the last few

decades because it is an important industrial process.73,74 Methanol is an efficient fuel for
automobiles because of its high octane number, ease of handling and storage, high
availability, low boiling point, limited coke formation due to the absence of carboncarbon bonds, and the ability to be synthesized using a variety of feedstocks.75-77 In most
industrial processes, a mixture of CO2, H2, and CO or CO and H2 is used as starting
materials and catalytically transformed to methanol under low pressure and temperature
conditions.78-80 In addition to the use of methanol as a fuel in automobiles, methanol has
widely served as a hydrogen carrier in fuel cells and thereby resolves the difficulties
associated with hydrogen storage on vehicles.81 In fuel cells, methanol is directly
converted to CO and H2 by the methanol decomposition reaction or to CO2 and H2 by
methanol steam reforming (the reaction of methanol with water vapor).77,82,83 Copper is
one of the most active metals available to date to catalyze both methanol synthesis and
decomposition reactions. The copper-based catalyst, Cu/ZnO/Al2O3, is widely employed
in industry for the production of methanol on a large scale. Other copper-based catalysts,
such as copper single crystal catalysts74 and supported copper catalysts on CeO2, Al2O3,
ZnO, and ZrO2 supports also have attracted considerable interest in methanol synthesis
from synthesis gas.74,84-87 The catalytic conversion of methanol to hydrogen and carbon
monoxide has been performed using various copper catalysts such as Cu/Zn-based
catalysts, Cu/Cr-based catalysts, and Cu/ZnO/Al2O3.88-92 Few studies have addressed the
use of silica as a catalytic support to prepare Cu/SiO2 catalysts for methanol synthesis and
decomposition reactions. The silica support is known to have minimal metal-support
13

interactions.93,94 Therefore, some authors have concluded that Cu/SiO2 catalysts may not
be as active as other copper-supported catalysts for methanol synthesis.73 However, the
use of functionalized silica materials as supports for copper catalytic precursors, for
example, Cab-O-Sil, which has surface silanol groups, effectively convert synthesis gas
to methanol.95,96 The silica is an amorphous support and thus the crystallization of the
silica support does not occur during the reaction.9798,99 The active species of the methanol
synthesis catalyst is still a matter of debate as to whether an active copper center is
present as Cu0, Cu+, or Cu2+.74,90,100 Very few reports support the existence of Cu2+ as the
active species, but many reports provide evidence for the existence of Cu+ and Cu0 metal
centers as the active metal center for the catalytic reaction. It is now widely accepted that
in commercial methanol synthesis catalysts, metallic copper serves as the main active
species.101-103 However, it is an open question as to the minimum Cu ensemble size
required for methanol synthesis and decomposition reactions to occur.
A variety of different methods have been used to prepare Cu/SiO2 catalysts for
both methanol synthesis and methanol decomposition reactions including the ureaassisted decomposition of aqueous nitrate, impregnation of copper acetate, nitrates, and
amines, and precipitation of copper nitrate onto silica surfaces.78,95-97,104 These supported
copper catalysts show higher activity and selectivity than the unsupported metal catalysts
in catalytic reactions for several reasons.74 Interactions of the support with the catalyst
active site may create special coordination (e.g., anchoring the metal active site on the
support surface) and activity for the reaction. Further, support-metal interactions may
lead to the creation of new active sites for the reaction. In addition, the support facilitates
the migration of copper atoms during the reduction process to aid in developing a highly
14

dispersed catalyst 85,86 Moreover, the activity of the supported catalyst depends on the
degree of dispersion.104,105 Highly-dispersed small-sized particles show a dramatic
increase in the catalytic activity in methanol synthesis. In a supported catalyst with a
higher dispersion and small sized particles, there is a greater surface area of active metal
sites than in poorly dispersed, larger sized particles.
Activity of the methanol synthesis and methanol decomposition reactions mainly
depends on the structure of the catalyst. The structure of the catalyst heavily depends on
the method of preparation. A variety of different methods have been developed as
mentioned previously for the synthesis of supported catalysts for methanol synthesis,
decomposition, and FT synthesis. A few techniques are commonly used such as
impregnation, deposition-precipitation, precipitation, and sol-gel method. The following
section will briefly discuss the commonly used catalyst preparation methods and their
advantages and disadvantages.
1.4

Catalyst Preparation Methods
Different catalyst preparation methods on oxide supports have been recently

reviewed by Khodakov et. al.4 The impregnation techniques are the most widely
employed methods for the preparation of supported catalysts.4,32 In impregnation, metal
salts are dissolved in a solvent (usually water) and allowed to contact a porous support
for a long period of time.155 During the impregnation time, metal salts move through the
pores of the support by capillary action and spread throughout the support. The volume of
the metal solution used is equal or in slight excess to the volume of the pores of the
ceramic support. If an excess solvent is used, filtration is necessary to separate the metal
complex mounted support from the solvent.155 The aqueous impregnation technique
15

appears easy in principle but several parameters need to be controlled carefully in order
to prepare catalysts reproducibly. For example, the temperature, time of support drying,
and rate of adding metal precursors are all parameters that can be modified to refine this
process.4 The major disadvantages of the aqueous impregnation technique are that the
mechanism by which the metal salts are attached to the support cannot be well controlled
and a uniform distribution of metal atoms on the surface is not always achieved.106-108
When a catalytic reaction demands “high selectivity and activity”, preparation of welldispersed metal oxides on surfaces becomes important.106,109,110
The co-precipitation method has been used to prepare supported metal catalysts
using inorganic metal complexes as catalyst precursors.108,111-114 During the preparation
method, catalyst precursor and the catalyst support (usually both are in inorganic forms)
are dissolved in a solvent. By adding a precipitating agent, such as NaOH, KOH, or
LiOH, the catalyst support and the metal precursor are allowed to precipitate
simultaneously with stirring.115
The deposition-precipitation method is used to synthesize silica supported cobalt
catalysts in liquid media.4,108,111-114 In this technique, a cobalt precursor is dissolved in a
solvent and added to a support suspension. Next, a precipitation agent, usually hydroxide
ions, is introduced to the precursor-support suspension and the metal is precipitated on
the support surface. During the deposition process, the precipitation and deposition of the
metal occur first and then the interaction of cobalt with the support occurs which leads to
the nucleation of the active phase on the support. This technique has advantages over the
impregnation techniques because the deposition-precipitation method allows synthesizing
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highly loaded cobalt catalysts (>20 wt% of cobalt). This technique has several steps and
slight variation in catalyst preparation steps may affect the final structure of the catalyst.
Uniform distribution of cobalt metal atoms on catalytic supports can be achieved
by the sol-gel method.116-118 The preparation procedure has several steps.116 First, cobalt
nitrate is dissolved in an organic solvent such as ethylene glycol or THF.116,119 To this
solution, tetraethylorthosilicate is added and stirred vigorously at high temperature to
obtain a homogeneous solution. Next, pore size modifiers, such as formamide or
polyethylene glycol, are added followed by distilled water and ethanol to form a clear sol
at room temperature. The hydrolysis of clear sol above 80ºC for more than 40 h forms a
glassy transparent gel.116 This gel is then dried at 550ºC and reduced with H2 at 500ºC for
several hours to obtain an active catalyst.116 This technique allows control of the surface
morphology by adjusting the particle size, porosity and surface area of the cobalt active
species. Cobalt particle sizes from 3-70 nm can be obtained by the sol-gel method.4
Cobalt oxides can be deposited on oxide supports as thin films by a chemical
vapor deposition process.4,120 Several cobalt precursors such as cobalt
acetylacetone,121,122 cobalt carbonyls,123-128 and cobalt acetates129 have been used in this
chemical vapor deposition process. The metal precursor is vaporized and carried to the
catalytic support by an inert gas.129 The support surface is saturated with the catalyst
precursor for several hours to deposit the precursor on the surface. The decorated support
is then heated to high temperatures to decompose the precursor.129
In addition, some other catalyst preparation techniques such as egg-shell,4,130-132
monolithic,133-135 colloidal,136-138 micro emulsion,139-142 solvated metal atom
dispersion,143-145 and plasma methods146-149 have been employed for catalyst preparation.
17

Most of these catalyst preparation methods have several disadvantages. For instance,
using the chemical vapor deposition process, it is difficult to prepare continuous thin
films on oxide supports for many reasons such as weak interactions between the metal
precursor and the support, for a given metal precursor, and diffusion of active metal
species into the catalytic supports.120 Moreover, the deposited thin films may have defects
and exist as islands or agglomerates and hence are not suitable for many applications.120
Other catalysts supported on CuO/ZnO/Al2O3 have been synthesized by the oxalic
coprecipitation, polyol, and coprecipitation methods and have shown that the methanol
conversion decreases with oxalic coprecipitation < polyol method < coprecipitation
method.82 The size of the copper active particles also increasing on the method of
preparation used as 17.5, 36.5, and 65.7 nm for oxalic coprecipitation, polyol method,
and coprecipitation method, respectively.82 The presence of well dispersed small particles
on the support leads to a higher conversion of methanol suggesting the preparation
method should be carefully selected to control the dispersion and the size of the
catalyst.40,150 The catalytic support may also affect the catalyst performance. For
example, a series of Cu/Zn and Cu/Zr catalysts have been studied recently to develop a
reforming reaction for fuel cell applications.82,87,91 Deactivation of the catalysts is known
to occur in two ways;91,99 1) Crystallization of the amorphous zirconia support decreases
the active copper surface area and 2) crystallization of the zirconium support causes the
copper active sites to be sintered in the support. As a result, the number of active sites
decrease and the rate of the catalytic reaction are decreased.
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1.5

Synthesis of Highly Dispersed Catalysts
The batch impregnation technique has been used by many research groups to

develop designed dispersions of metal oxides on catalytic supports.106,110,151-159 The use of
stable metal complexes for decorating silica surfaces by this novel technique has been
extensively studied by Kenvin et. al,160,161 Beckler et. al,154 and Van Der Voort, et.
al.155,159,162,163 In the batch impregnation technique, stable metal complexes are allowed
to bind to a ceramic support by stirring a solution of a metal complex (usually in an
organic solvent) with the support.161 Because of metal precursor-support interactions, the
metal complex is firmly attached and uniformly distributed over the surface as a
submonolayer, monolayer, or multilayer film. Interactions between the support and the
metal complex may vary from strong, ion-exchange interactions to weaker hydrogenbonding interactions depending on the nature of the support and the metal complex.110,154
The major advantage of this method is the ability to control the number of metal atoms
and the distance between them.164 The ensemble size of metal particles can be controlled
by selecting metal complexes with different nuclearity whereas the distance between
metal atoms can be controlled by changing the size of the organic ligands in the metal
precursor.164 However, several factors need to be carefully considered to achieve uniform
distribution of metal atoms on catalytic supports. These factors include selection of
appropriate catalytic precursors, catalytic support, and solvent.109,165 The selection of
catalytic precursors is extremely important for the batch impregnation method because it
determines interactions between the supports. In the batch impregnation method, the
number of metal atoms present in close proximity on a supported surface depends on the
number of metal atoms present in the catalyst precursor.
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The strong interactions between the support and the metal complex occur through
hydrogen bonding, ion exchange or ligand exchange mechanisms.164 Anionic and cationic
metal complexes are attached to surfaces through ion exchange mechanisms.166 For
instance, a monolayer film of (M-(µ-OH-Cu-OCH2-CH2NR2)6(ClO4)3 (M = Al3+, Cr3+, or
Fe3+ and R = C2H5) has been prepared on a silica (Cab-O-Sil) surface in an acetonitrile
solution.154,167 The metal complex forms a stable cation in solution with its coordinated
amino alcohol ligands. During the ion exchange process, silanol protons are removed and
the cationic metal complex is directly coordinated with the siloxide anion.167 The ligands
prevent the rearrangement of the metal complex in solution as well as during the ion
exchange process. 167 The ion exchange mechanism helps to attach the metal complex
firmly to the support. As a result, these metal complexes show an enhanced coordination
ability to bind with silica surfaces. The presence of functional groups in the metal
complex, such as –OH groups, may help to enhance the metal complex-support
interactions through H-bonding.164 The hydrogen bonding occurs through interaction of
the –OH group of the metal complex with the siloxide anion. However, attempts to
prepare thin films of [Cu(en)]+ and [CuOH(bipy)]22+ on SiO2 using ion exchange
mechanisms were unsuccessful.110,168 These two metal complexes are stable and do not
leave the anionic counter ion to be grafted to silica surfaces. According to these studies,
attaching metal complexes through an ion exchange mechanism is limited to a very few
cationic complexes. As a result, exploring other metal complexes which are widely
available with different metals as well as exploring other mechanisms to support metal
complexes with surfaces is important.154 Studies with neutral metal acetylacetonate
ligands provided a new route to attach metal complexes without the help of ion-exchange
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or ligand exchange mechanisms.161 Metal acetylacetonates are known with many
different metals.169 Metal acetylacetonates of Cu, Pt, Pd, Fe, Cr, Co and Mn have been
supported on silica surfaces.161 The absorption of metal acetylacetonate onto a silica
surface occurs through H-bonding and metal chelation.
The interactions between a metal acac and γ-Al2O3 surfaces have been
investigated in detail recently.151 For these studies, an organometallic gold precursor,
Au(CH3)2(acac) has been used. The γ-Al2O3 support has various types of hydroxyl groups
(e.g. terminal –OH, bridging –OH etc) that result in peaks at 3795, 3772, 3730, and 3673
cm-1 in the IR.151 Additional H-bonded –OH bands appear at 3620 and 3585 cm-1. When
Au(CH3)2(acac) complex interacts with γ-Al2O3 in a hexane solution, the intensities of –
OH bands of non H-bonded bands decreased in intensity and intensities of H-bonded
bands increased.151 These results suggest that the surface absorbed species are interacting
with the surface through H-bonding.
Further evidence has been found for the existence of H-bonding between the
metal acac complexes and –OH functionalized surfaces by IR studies. For example, C-H
deformation of ring protons of the Cu(acac)2 complex is sensitive to H-bonding when
supported on a Cab-O-Sil surface.106 This C-H vibration peak disappears or shifts to a
higher frequency in supported monolayer films. The same phenomenon is observed when
the complex is dissolved in a solvent capable of hydrogen bonding.106 It has been
postulated that in silica supported monolayer films involving Cu(acac)2, the copper atom
could bond to the oxygen atom of the silanl groups.161 At the same time, silanol protons
may interact with π-elctrons of the acac ligands.161

21

The studies of different metal acac complexes with a planar surface allow
studying the effect of shape of a supported molecule on surface binding.161 For instance,
Cr(acac)3 has a octahedral geometry and Cu(acac)2 has a planar geometry. The Cr(acac)3
complex does not bind with the surface whereas Cu(acac)2 easily attaches to the surface.
The different affinity of the two metal complexes can be explained by the geometry of
each molecule around the central atom. The octahedral geometry of Cr(acac)3 does not
allow for the formation of H-bonds with the surface.161 The planar geometry of Cu(acac)2
has no steric hindrance, therefore, the metal coordination with the surface could take
place. However, Pd(acac)2 and Pt(acac)2 are not retained on the surface in batch
impregnations even though both complexes have planar geometries around the central
atoms.154,161 The reason for this is that these complexes cannot coordinate with axial
ligands. These results suggest that not only having a planar geometry but the capability to
accept axial coordination with a surface is also important for effective decoration of
metal acac complexes onto a silica surface.161 In conclusion, the metal chelation plays a
major role in the retention of metal precursor on the surface.
The batch impregnation technique is usually carried out in organic solvents.
Solvent effects for the batch impregnation process have been studied previously.170 The
Cu(acac)2 complex forms a dimeric species, [(acac) Cu-µ-OCH3]2, in methanol solutions
with the presence of a catalytic amount of base.170 The solvent should be non H-bonding
and non-coordinating with the metal precursor to have efficient precursor-support
interactions.154,164 The catalytic properties of decorated metal oxides are also known to
vary with the impregnating solvent.164
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As mentioned previously, ensemble size and dispersion of metal particles can be
controlled during batch impregnation. A series of studies have been performed to
compare the effect of dispersion and ensemble size on the conversion of propyne to
propene.109,157 Four catalysts have been made using different precursors and different
techniques. 2.4 wt% Cu Cu(acac)2/silica (batch impregnation), 2.2 wt% Cu
Cu2(O)2(bipy)2/silica (bipy = bipyridine, by batch impregnation), 5.8 wt% Cu (by
aqueous impregnation), and 8.6 wt% copper by thermolysis of Cu(acac)2/silica multilayer
films on silica.109 The Cu(acac)2/silica monolayer has isolated, well-dispersed copper
atoms whereas Cu2(O)2(bipy)2/silica has isolated pairs of copper atoms. The other two
catalysts have polycrystalline metal sites which are distributed over the surface with low
dispersion. The conversion of propyne is increased in the following order Cu(acac)2/silica
monolayer < Cu2(O)2(bipy)2/silica < 5.8 wt% Cu catalyst < Cu(acac)2/silica multilayer
catalyst, but the selectivity for propene is increased in the following order
Cu(acac)2/silica multilayer < 5.8 wt% Cu catalyst < Cu2(O)2(bipy)2/silica <
Cu(acac)2/silica monolayer.109 These results suggest that the designed dispersion of metal
oxides has a significant effect on the formation of the desired product(s). The selectivity
of propyne to propene is structure sensitive and has the highest efficiency with a
monatomically dispersed Cu(acac)2/silica catalyst. The same catalysts are active for the
selective conversion of ethanol to acetaldehyde.171 However, this catalyst is unable to
catalyze ester hydrolysis reactions which require active sites with at least two metal
atoms.109,160 Other reactions, such as methanol decomposition and FT synthesis also need
at least two or more metal atoms in close proximity to achieve high reaction conversion
rates.109 For instance, the catalyst derived from Co(acac)2/silica shows a low CO
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conversion (less than 25%), even with 20 wt% Co loadings.56 On the other hand
polynuclear metal complexes affixed to ceramic supports are becoming an interesting
class of compounds that have potential as catalysts for a variety of reactions. In the
current study, efforts were made to support binuclear copper complexes, binuclear cobalt
complexes and copper-cobalt complexes on Cab-O-Sil.
1.6

Synthesis of Well-dispersed Silica-Supported Homo- and Heterobinuclear
Metal Complexes
The main aim of this research is to develop highly dispersed bimetallic catalytic

systems for methanol synthesis, methanol decomposition, and FT synthesis. Two
dinuclear copper complexes, two dinuclear cobalt complexes, and one copper-cobalt
complex are used as catalyst precursors affixed to a silica surface. A facile means of
preparing bimetallic complexes is to coordinate the metal to a triketone ligand as shown
in Figure 1.3.172,173

Figure 1.3

Synthesis of dinuclear copper complexes

The first goal of this research is to prepare dinuclear copper complexes supported
on Cab-O-Sil. For the current study, bis(heptane-2,4,6-trionato)dicopper(II) [Cu2(daa)2]
and bis(1,5-diphenyl-1,3,5-pentanetrionato)dicopper(II) [Cu2(dba)2] were used and the
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structures are shown in Figure 1.4. The metal complexes, Cu2(daa)2 and Cu2(dba)2, have
planar geometries making them ideal candidates to be supported on surfaces.161 Another
reason to select these two metal complexes is because both complexes have two copper
atoms in close proximity for bimetallic catalysis. Since the synthesis of silica-supported
Cu(acac)2 was successful, both Cu2(daa)2 and Cu2(dba)2 complexes are expected to show
similar behaviour. It is expected that after calcination, these silica-supported dinuclear
copper complexes will be suitable heterogenous catalysts for the conversion of synthesis
gas (CO + H2) to methanol.

Figure 1.4

The structures of dinuclear copper complexes

Since cobalt is known to catalyze FT synthesis, the second goal of this study is to
synthesize Cab-O-Sil affixed with dinuclear cobalt catalysts with highly dispersed pairs
of metal atoms on the surface. The structures of the metal complexes, bis(heptanes-2,4,6trio nato)dicobalt(II) [Co2(daa)2] and bis(1,5-diphenyl-1,3,5-pentanetrionato)dicobalt(II)
[Co2(dba)2] are shown in Figure 1.5.
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It is expected that supported dinuclear cobalt catalysts will be active for FT
synthesis and produce hydrocarbons in the gasoline range. As discussed in section 1.3.2,
copper-cobalt based catalysts are selective for higher alcohols. Therefore, the third goal
of this research is focused on the synthesis of heterobinuclear copper-cobalt metal
complexes to use as catalyst precursors. The syntheses of heterobinuclear metal
complexes require ligands that have two different coordination sites that selectively bind
with two different metals. The ligand generated by reacting 2,4,6-heptanetrione with
ethylenediamine (with 2:1 mole ratio) has two different coordination sites which are inner
N2O2 and outer O2O2 coordination sites.174 Several copper cobalt complexes have been
reported with ligands derived from 3-formylsalicylic acid and ethylenediamine.175,176 The
copper selectively binds with the inner N2O2 site because copper is a soft acid and N2O2
is a soft base.177 The cobalt is a hard acid and binds with the hard O2O2 base site.177 The
synthesis pathway for forming the copper-cobalt complex is shown in Figure 1.6.
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To gain a detailed understanding about the adsorbed structure of the metal
complexes, a series of silica supported metal complexes were synthesized by increasing
the concentration of the metal solution while keeping the total surface area of the support
constant. With low metal concentrations, the support surface could be partially covered as
a sub-monolayer. With increasing metal concentration, the metal complex develops as a
monolayer and multilayer films on the support surface. Using the footprint area of the
metal complex, a monolayer loading of each metal complex can be calculated on Cab-O27

Sil. For example, the dimensions of the Cu2(daa)2 complex are 8.389 x 8.931 Å to give an
area of 7.49 x 10‐19 m2.178 The M‐5 grade of Cab‐O‐Sil support used has a nominal
surface area of 200 m2/g. If the complexes arrange on the surface of this non‐porous solid
as a close‐packed single layer, then a ratio of these two numbers may be used to give a
crude estimate of the number of moles of the complex in a monolayer as 443 µmol
complex per g of Cab‐O‐Sil. The calculated complex loading of the copper wt% in the
Cu2(daa)2/silica sample for a monolayer is 5.33 wt%. The same calculations can be used
to estimate the monolayer coverage of the other metal complexes and are summarized in
Table 1.1.
Table 1.1

Theoretically predicted monolayer coverages of homo- and heterobinuclear
metal complexes on Cab-O-Sil.

Complex

Dimensions

Moles of complex

Wt% of metal needed

(Ǻ)

(µmol) per 1 g of

to form a complete

silica

monolayer

Cu2(daa)2178

8.349 x 8.931

443

5.33 wt% Cu

Cu2(dba)2

12.879 x 13.408

192

2.44 wt% Cu

Co2(daa)2

8.883 x 9.056

412

4.64 wt% Co

Co2(dba)2179

13.089 x 14.125

180

2.07 wt% Co

CuCo(daaen)

9.316 x 9.214

387

2.44 wt% Cu & 2.27
wt% Co

28

Dimensions of Cu2(dba)2 were used from the crystal structure obtained in the
current study. Optimized structures (using the Spartan program) were used to determined
the dimensions of Co2(daa)2 and CuCo(daaen).
Characterization of supported metal complexes to determine whether they are
present as sub-monolayer, monolayer, or as multilayer films on the support surface is a
challenging task. A few analytical techniques are reported in the literature which gives
detailed information about the development of layered structures on surfaces.161 The IR
vibrations of the absorbed molecules are different from that of the pure metal complexes.
It follows that significant differences in IR spectra are apparent between the pure
complex and sub-monolayer/monolayer samples.106 When the supported metal complex
develops as a multilayer film, the layers on the top do not strongly interact with the
surface and therefore show similar spectra to the pure complex. This can be noted with
surface probing techniques such as diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS).106 In DRIFTS similar spectra are expected for pure and
multilayer films and different spectra for sub-monolayer/monolayer films. Powder X-ray
diffraction can also be used to investigate monolayer and multilayer film formation on
surfaces.154 In the presence of an amorphous support such as Cab-O-Sil, no diffraction
patterns are expected for sub-monolayer/monolayer films while diffraction patterns
should be present with multilayer films. This can be explained using the principle of
XRD. When there is a single layer of atoms, constructive interference could not be
observed in the diffracted light. With two or more layers, constructive interference of
scattered radiation would develop a XRD pattern.

29

Another technique, elemental analysis, provides information about the elemental
composition of the absorbed materials while thermal gravimetric analysis provides
information about the content of combustible materials. This information can be used to
estimate the amount of metal complex loaded on the support surface. The retention of
organic ligands on the surface can be easily determined by the analysis of carbon wt% of
the supported samples.
All of the metal complexes used in this study are colored and absorb light in the
UV-Vis region. Therefore, the adsorption of each metal complex on to the support
surface can be monitored by UV-Vis. Using the absorbance change before and after
coating with silica, metal loadings of each metal complex can be calculated.
In order to improve the catalytic performance, these supported materials need to
be converted to catalysts and activated. First, the coordinated ligands are removed by
heating to leave only the metal oxides on the surface. Second, absorbed metal oxides are
reduced with H2 to produce active metals with lower oxidation states. These steps are
presented in Figure 1.7.
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The experimental aspects of the synthesis of homo- and heterodinuclear metal
complexes, silica supported metal complexes, and catalytic reactions are discussed in
Chapter 2. The characterization of supported homo- and heterobinuclear complexes and
results of catalytic reactions are discussed in Chapter 3 and 4. All of the results of the
current research are summarized in Chapter 5.
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CHAPTER II
EXPERIMENTAL

This chapter describing the experiments performed is divided into three main
sections; synthesis and characterization, preparation of silica supported catalysts, and
catalytic reactions. The synthesis and characterization section compromises the
preparation of organic ligands and metal complexes and characterization of all products.
Preparation of silica supported metal complexes as catalyst precursors are described in
section 2.2. Pretreatment of catalysts and evaluation of catalysts for methanol synthesis,
methanol decomposition reactions and Fischer-Tropsch syntheses are reported in section
2.3.
2.1
2.1.1

Synthesis and Characterization
Chemicals and Reagents
Cobalt(II) acetate tetrahydrate [Co(CH3COO)2·4H2O], copper(II) acetate

monohydrate [Cu(CH3COO)2·H2O], copper(II) nitrate tetrahydrate [Cu(NO3)2·4H2O],
copper(II) acetylacetonate [Cu(acac)2], cobalt(II) nitrate hexahydrate [Co(NO3)2·6H2O],
and lithium hydroxide monohydrate LiOH·H2O were purchased from Strem Chemicals.
Cobalt(II) chloride was obtained from J. T. Baker Chemicals Co. Sodium carbonate
(anhydrous) (Na2CO3) and dehydroacetic acid (C8H8O4) were supplied by Fluka
Chemicals. Salicylic acid (C7H6O3), ethylenediamine (C2H8N2), 1,3-propanediamine
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(C3H10N2), hexamethylenetetraamine (C6H12N4), methylbenzoate (C8H8O2), sodium
hydroxide (NaOH), barium hydroxide (Ba(OH)2), sodium hydride (NaH, 60% in mineral
oil), chloroform-d (CDCl3), and tetramethylsilane (Si(CH3)4) were obtained from SigmaAldrich. Anhydrous sodium sulfate (Na2SO4), acetylacetonate (C5H8O2), alumina
(Al2O3), molecular sieves (type 4 Ǻ, 8-12 mesh), and dimethoxyethane (C4H10O2) were
purchased from Fisher Scientific. Cab-O-Sil (M-5 scintillation grade, 200 m2/g) was
obtained from ACROS organics. The commercial methanol synthesis catalyst,
Cu/ZnO/Al2O3, F-51-8PPT, (60-100 mesh calcined, not activated), was purchased from
Kataco Corporation.
Methanol (CH3OH), dichloromethane (CH2Cl2), chloroform (CHCl3), pyridine
(C5H5N), diethyl ether anhydrous (C2H5OC2H5), acetonitrile (CH3CN), ethanol
(C2H5OH), tetrahydrofuran (THF), toluene (C7H8), hydrochloric acid (HCl), and sulfuric
acid (H2SO4) were obtained from Fisher Scientific. Nitric acid (HNO3) was purchased
from VWR Chemicals. Ammonium hydroxide (NH4OH) was supplied by Sigma-Aldrich.
THF was dried over molecular sieves prior to use. All the other solvents were used as
received without further purification.
2.1.2
2.1.2.1

Characterization Techniques
UV-Visible Spectroscopy (UV-Vis
UV-Vis spectra were recorded on a Shimadzu UV-2550 UV-Vis double-beam

spectrometer in the wavelength range 250-700 nm. The spectrometer was equipped with
two lamps, tungsten and deuterium, to provide visible and UV radiation, respectively. All
of the spectra were acquired at room temperature with quartz cuvettes with solvent filled
cuvettes in the reference beam of the spectrometer.
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2.1.2.2

Elemental Analyses
Elemental analyses were performed by Galbraith Laboratories, Inc. (Knoxville,

Tennessee). All silica supported copper and cobalt samples were analyzed for metal and
carbon content. The analytical results were used to establish metal/carbon ratio and metal
loadings of all supported samples.
2.1.2.3

Nuclear Magnetic Resonance Spectroscopy (NMR)
1

H NMR spectra were recorded on a Bruker Avance III 300 MHz spectrometer.

The chemical shifts are reported relative to (CH3)4Si.
2.1.2.4

Infrared Spectroscopy (IR)
Infrared spectra of ligands and metal complexes were measured on a Thermo

Nicolet 6700 FT-IR spectrometer using a single-bounce diamond attenuated total
reflectance (ATR) accessory.
2.1.2.5

Atomic Absorption Spectroscopy (AAS
Metal analyses of all catalysts and copper-cobalt supported silica samples were

obtained using a Shimadzu AA-7000 series atomic absorption spectrometer. The copper
and cobalt hollow cathode lamps were used with 6 mA current and 324.8 nm wavelength
for copper and 240.7 nm for cobalt. The burner height was set to 7 mm and the slit width
was set to 0.7 nm. The flame composition was acetylene (flow rate 1.8 L min-1) and air
(flow rate 1.8 L min-1). Prior to analysis, a few milligrams of each sample were digested
in 10 mL of conc. H2SO4 and conc. HNO3 (1:1 mixture) for 24 h and diluted to 250-500
mL using deionized water.

34

2.1.2.6

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)
DRIFTS spectra were performed in Dr. Kiesha Walters’s lab in the Mississippi

State University Swalm School of Chemical Engineering. Supported and unsupported
samples were examined by DRIFTS to confirm the structure of the metal complex before
and after its application to the Cab-O-Sil. A Thermo Nicolet 6700 spectrometer (liquid
nitrogen cooled MCT-A* detector, 4 cm-1 resolution, 256 scans) and OMNIC software
was used for collection of the DRIFTS spectra. The neat metal complexes were diluted in
KBr powder (2 wt% metal complex) with pure KBr as the reference material. The
supported metal complexes were also diluted in KBr (5 wt% supported metal complex),
with a 5 wt% Cab-O-Sil in KBr mixture as the reference. Resultant spectra therefore
represent absorbance from the sample material of interest, with the subtraction of the
background/reference. A minimum of 3 spectra per sample were collected to check
sample homogeneity. The intensity of DRIFTS spectra are reported in Kubelka-Monk
units.106
2.1.2.7

Powder X-ray Diffraction (XRD)
XRD patterns of supported and unsupported powder samples were collected in the

2θ range of 5º-45º using a step width of 0.02o on a Siemens D5000 instrument using CuKα radiation having a wavelength of 1.5406 Å with a Ni filter.
2.1.2.8

Thermal Gravimetric Analysis (TGA)
TGA was performed on a Versa ThermTM TGA coupled with Nicolet 6700 FT-IR

instrument in flowing helium (Nextair LLC, Memphis) in the Mississippi State Chemical
Laboratory by Dr. Jose Rodriguez. A sample mass of 30-50 mg of supported and
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unsupported samples were first loaded in a glass pan which was then loaded into the
instrument. The temperature was increased from room temperature to 1000ºC at a rate of
5ºC per minute.
2.1.2.9

Single Crystal X-Ray Diffraction
The single crystal X-ray diffraction data were collected on a Bruker Smart 1000

diffractometer equipped with a CCD detector, using molybdenum Kα radiation (λ =
0.71073 Å). All data were collected at 100 K. The structures were solved and refined
using the APEX II software package.180
2.1.2.10

Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR spectra were recorded on a Bruker EMX EPR spectrometer equipped with
100 kHz field modulator. Diphenylpicryhydrazyl (DPPH) (g = 2.007) was used to
calibrate the spectra.
2.1.2.11

Gas Chromatography-Mass Spectrometry (GC-MS)

The products of all catalytic reactions were analyzed qualitatively and
quantitatively by GC-MS. The analysis of gas phase product was carried out with an online Agilent 6890 gas chromatograph provided with a thermal conductivity detector
(TCD) and a flame ionization detector (FID). A 30 m long and 0.53 mm i.d. Carboxen1010 PLOT column (Supelco) was used. Argon was used as a carrier gas with a flow rate
of 4.2 mL/min (30 cm/sec). Liquid samples were analyzed using an Agilent 7683B Series
Injector coupled to an Agilent 6890 Series gas chromatograph system attached to a 5973
Mass Selective Detector (i.e. a quadrupole type GC–MS system) and a FID detector. An
Agilent DB-WAXetr (50 m x 0.32 mm I.D., 1.0 μm) capillary column was used. A
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constant column flow of 1 ml/min (24 cm/sec) helium was applied. The injector was kept
at 250°C. Samples were injected (1 μl) with split ratio of 100:1. The temperature
programmed separation started at 40 °C for 5 min, and then ramped to 250°C by
10°C/min for 10 min. The FID detector worked at 250°C with helium makeup gas at 30
mL/min. For the MS, the transfer line and EI source temperature were 250 and 200°C,
respectively. Quadrupole conditions were electron energy at 70 eV and emission current
at 150 μA.
The liquid reaction products were analyzed by a 7890 A GC system coupled with
a 5975 C inert XL MSD triple-axis detector provided by Agilent technologies. The
gaseous products were analyzed by GC HP 6980 gas chromatograph equipped with a
thermal conductive detector (TCD) and a flame ionization detector (FID).
2.1.2.12

Transmission Electron Microscopy (TEM)

TEM photographs of silica supported copper and cobalt catalysts were recorded
on a JEOL TEM-100 CX II microscope operated at 100 kV before and after each
catalytic reaction. A few milligrams of sample were suspended in 2 mL of water. A small
drop of the suspension was then transferred on to a 300 mesh copper grid. The water was
removed by evaporation before taking a photograph.
2.1.2.13

Batch Reactor

A Parr 4560 mini bench top reactor (Parr Instrument Co., Moline, IL) was used to
perform all batch reactions. The reactor has a volume of 400 mL and is equipped with a
stirring shaft, pressure gauge, thermocouple, heating jacket, and a catalyst basket where
5-10 g of pelletized catalyst was deposited before each catalytic run.
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2.1.2.14

Flow Reactor

The flow reactor studies performed here are similar to the studies reported by
Shetian Liu et. al.181 A half inch continuous fixed bed flow reactor system was used to
produce sufficient quantities of gasoline to determine CO conversions and to analyze the
entire product quantitatively. 5 g of 6.7 wt% Co/silica[Co2(dba)2] catalyst was examined
after reduction with H2. The flow reactor was operated with syngas containing 47:47:6
ratios of CO, H2, and N2, respectively. Catalysts were reduced with 50% H2 at 300˚C for
3 h prior to use. Total CO conversions and gasoline yields were studied as a function of
time of syngas on stream (15-75 h), temperature (310˚C, 320˚C, and 350˚C), and total
pressure (750 psi and 910 psi).The gas hourly space velocity was kept constant at 600 h-1.
Liquid products were collected by cooling the effluent gas at 0˚C using a condenser and
the effluent gas from the condenser was analyzed with an online gas chromatograph (GC)
equipped with thermal conductivity detector (TCD) and flame ionization detector (FID).
N2 was used as the internal standard for the calculation of CO conversion. All of the flow
reactor FT reactions and product characterization of these were performed in Dr. Fei Yu’s
laboratory in the Mississippi State University Department of Biological & Agricultural
Engineering.
2.1.3

Ligand Synthesis
For the current study, 2,4,6-heptanetrione (H2daa), 1-phenyl-1,3,5-hexanetrione

(H2baa), 1,5-diphenyl-1,3,5-pentanetrione (H2dba), 3-formylsalicylic acid (3-FSA), and
5,9,14,18-tetramethyl-1,4,10,13-tetraazacyclooctadeca-5,8,14,17-tetraene-7,16-dione
(H4daaen) were synthesized as ligands to coordinate with metals. The structures of these
ligands are illustrated in Figure 2.1.
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The structures of ligands used to synthesize homo- and heterobinuclear
complexes

2.1.3.1 2,4,6-Heptanetrione ( H2daa):182,183
100 g of dehydrocetic acid was added to 500 mL of concentrated hydrochloric
acid in a 1 L round bottom flask. The mixture was boiled for 1 h until the evolution of
carbon dioxide ceased and then the reaction was allowed to reflux for another 5 h until
the solution became orange and homogeneous. The solvent was then removed under
reduced pressure. The resulting yellow semi-solid paste was dissolved in 10% NaOH
(800 mL) and hot Ba(OH)2 solution (240 g in 1 L) was added which produced a yellowcolored precipitate. This yellow precipitate was separated by filtration and dissolved in a
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mixture of 1 L of water and 150 mL of concentrated HCl and extracted with diethyl ether
(800 mL). Evaporation of ether under reduced pressure gave an orange-red oil which was
distilled at 10 mmHg and 100ºC to give 2,4,6-heptanetrione as a white crystalline solid.
Yield 45.3 g (53.6%, lit.182,183 62.9% and 30.6%); melting point 48-49ºC (lit 49ºC). H2daa
exists as triketo, monoenol or bisenol tautomers (Figure 2.2) in CDCl3 at room
temperature. 1H NMR (300 MHz, CDCl3): δ 1.90 (s), 2.05 (s), 2.07 (s), 3.26 (s), 3.54 (s),
5.00 (s), 5.43 (s), and 13.99 (s); IR: 2920-2960 cm-1(νC-H), 1642 (vC=O), 1536 (v C-C) agree
with the literature reported values.184,185
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Tautomerization of triketones.172

1-Phenyl-1,3,5-hexanetrione (H2baa):183,186
A mixture of sodium hydride (5.0 g, 130 mmol) and 2,4-pentanedione (5.8 g, 590

mmol) were refluxed under argon in 150 mL of 1,2-dimethoxyethane. After 1 h, methyl
benzoate (7.3 mL, 590 mmol) was added dropwise and the reaction mixture was allowed
to reflux for 7 h. The solvent was removed under reduced pressure and the resulting pasty
residue was cooled to 0ºC in an ice bath. After cooling, the pasty residue was dissolved in
150 mL of dimethyl ether followed by addition of 100 mL cold water. The water was
added dropwise until all of the sodium hydride was destroyed. The aqueous layer was
separated and the ether layer was extracted with two 100 mL portions of ice-cold water
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followed by 100 mL of 1% NaOH solution. All of the aqueous extracts were then
combined and 50 mL of 12 N HCl and 100 g of crushed ice were added. The resulting
yellow precipitate was separated and recrystallized from 95% ethanol (150 mL) to obtain
bright yellow needles. Yield 7.1 g (59%, lit.183 61%); melting point 96-97˚C (lit. 9798˚C); 1H NMR (CDCl3): δ 2.05 (s), 2.07 (s), 2.32 (s), 3.57 (s), 3.98 (s), 5.35 (s), 5.84 (s),
6.25 (s), 7.47 (m), 7.84 (dd) and 14.26 (s); IR: 2920-2960 cm-1(νC-H), 1590 (vC=O
hydrogen bonded), 1542 (v C-C). NMR values agree with the literature reported values.184
Slow evaporation of a methanolic solution of H2baa led to the formation of
crystallographic quality single crystals. The crystal structure data are summarized in
Table 2.1.
Table 2.1

Crystal data and structure refinement for H2baa.

Empirical formula

C12 H12 O3

Color

Colorless

Formula weight

204.22

Density (Mg/m3)

1.375

Crystal system

Monoclinic

Temperature (K)

100(2)

Space group

P21/n

Wavelength (Å)

0.71073

Final R indices R1, wR2

0.0368, 0.0963

all data R1, wR2

0.0457, 0.1027

a (Å)

8.0361(7)

α (deg)

90°

b (Å)

5.5269(5)

deg

99.0750(10)°

c (Å)

22.485(2)

deg

90°

V (Å3)

986.18(15)

Z

4

Unit cell dimensions
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2.1.3.3

1,5-Diphenyl-1,3,5-pentanetrione (H2dba):186
NaH (10 g, 250 mmol) and monoglyme (100 mL) were refluxed for 0.75 h. To

this refluxing mixture, acetone (3.7 mL, 50 mmol) and methyl benzoate (19 mL, 150
mmol) were added and the reflux was continued for another 5 h. Next, the reaction
mixture was removed from the oil bath and the solvent was removed under reduced
pressure to give an orange solid. This solid was cooled to 0ºC and dissolved in diethyl
ether (150 mL). The ether solution was extracted three times with 300 mL of ice-cold
water followed by 1% NaOH solution (100 mL). All of the aqueous layers were
combined and mixed with 12 N HCl (100 mL) to give a yellow precipitate. This yellow
precipitate was collected and recrystallized from 95% ethanol to give 1,5-diphenyl-1,3,5pentanetrione. Yield (7.6 g, 57%); melting point 109˚C-111˚C; 1H NMR (300MHz,
CDCl3): 4.11 (s), 4.33 (s), 6.02 (s), and 6.32 (s); IR: 1590 (vC=o hydrogen bonded), 1542
(v C-C). All aromatic protons were observed at 7.40 ppm to 8.05 ppm as complex
multiples. X-ray crystallogarphy quality single crystals were obtained by slow
evaporation of H2dba solution in CH3OH. The crystal structure data agreed with the
reported literature reported crystal structure data.187
2.1.3.4

5,9,14,18-Tetramethyl-1,4,10,13-tetraazacyclooctadeca-5,8,14,17-tetraene7,16-dione (H4daaen):177
A solution of 98% ethylenediamine (4.6 g, 75 mmol) in 10 mL of methanol) was

added to a hot stirring solution of 2,4,6-heptanetrione (10 g, 75 mmol) in 60 mL of
methanol. The resulting yellow-orange solution was stirred for few minutes to obtain a
canary-yellow precipitate. This yellow precipitate was separated by filtration and
recrystallized from methanol-chloroform (1:1 mixture, 100 mL) to form yellow micro
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crystals. Yield 10.2 g (90%, lit. 96%); melting point 213-214ºC, (lit.177 214-215ºC.); 1H
NMR (300 MHz; CDCl3): 1.88 ppm (12H, s, terminal CH3), 3.23-3.32 ppm (8H, d, -CH2), 4.76 ppm (4H, s, –C=CH-), and 10.82 ppm (4H, br, -NH). IR: 1620 cm-1, (vC=O); 1562
cm-1 (vC=C) and 1514 cm-1 (vC=N). IR and 1H NMR values agree well with the reported
literature values.177 0.1 g of H4daaen was dissolved in 50 mL of hot methanol, filtered,
and allowed to evaporate slowly for several days. The slow evaporation of the solvent led
to the formation of yellow single crystals of H4daaen. The physical and crystallographic
data are summarized in Table 2.2.
Table 2.2

Crystal data and structure refinement for H4daaen

Empirical formula

C18 H28 N4 O2

Color

Colorless

Formula weight

332.44

Density (Mg/m3)

1.276

Crystal system

Orthorhombic

Temperature (K)

100(2)

Space group

Pbca

Wavelength (Å)

0.71073

Final indices R1, wR2

0.0356, 0.0934

all data R1, wR2

0.0409, 0.0973

a (Å)

6.9163(4)

α (deg)

90°

b (Å)

12.5609(8)

deg

90°

c (Å)

19.9264(12)

deg

90°

V ( Å3)

1731.11(18)

Z

4

Unit cell dimensions
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2.1.3.5

3-Formylsalicylic acid:188
A mixture of 40 g (300 mmol) salicylic acid, 27 g (200 mmol)

hexamethylenetetramine, and 300 mL distilled water were boiled under reflux for 16 h.
After 16 h, the solution was allowed to cool to room temperature and acidified with 300
mL 4 N HCl . The resulting yellow precipitate was separated and extracted with four
portions of 100 mL benzene at 70ºC. The extracted benzene portions were then combined
and benzene was evaporated. The resulting residue was dissolved in 3 N aqueous NH3
solution. To this solution, 100 mL of 10% BaCl2 and 50 mL of 2 N NaOH solutions were
added while heating. After 2 h, barium 3-aldehydesalicylate was collected and
decomposed with dilute HCl to give a white precipitate which was then recrystallized
with boiling water to obtain 3.3 g (yield 27% lit.188 27%) of 3-formylsalicylic acid. 1H
NMR 12.2 ppm (1H, s, -COOH), 10.4 ppm (1H, s, -COH), 7.9 ppm (1H, d, aromatic H),
7.6 ppm (1H, d, aromatic H), 7.1 ppm (1H, s, phenolic H), 7.0 ppm (1H, m, aromatic H);
melting point 182ºC-183ºC.
2.1.4

Synthesis of Metal Complexes
Bis(heptane-2,4,6-trionato)dicopper(II) [Cu2(daa)2], bis(1,5-diphenyl-1,3,5-

pentanetriona to)dicopper(II) [Cu2(dba)2], bis(heptane-2,4,6-trionato)dicobalt(II)
tetrahydrate [Co2(daa)2 ·4H2O], bis(1,5-diphenyl-1,3,5-pentanetrionato)dicobalt(II)
[Co2(dba)2·4H2O], [6,11-dimethyl-7,10-diazahexadeca-5,11-diene-2,4,13,15-tetraonato
(2-)-NN1O4O14] copper(II) [Cu(H2daaen)], [6,11-dimethyl-7,10-diazahexadeca-5,11diene-2,4,13,15-tetranato(4-)-N7N10O4O13;O2O4 O13O15] dicopper(II), [6,11dimethyl-7,11-diazahexadeca-5,11-diene-2,4,13,15-tetraonato(4-)N7N10O4O13;O2O4O13O15]copper(II)cobalt(II) [CuCo(daaen)], and µ-3,3’-[1,244

ethanediyl-bis(nitrilomethylidyne)-bis(2-hydroxybenzoato)]copper(II) cobalt(II)
trihydrate [CuCo(fsaen)·3H2O] complexes were synthesized. Cu2(daa)2, Cu2(dba)2,
Co2(daa)2, Co2(dba)2, and CuCo(daaen) complexes were used as catalyst precursors and
their structures are given in section1.6. The EPR spectrum of the CuCo(fsaen) complex
was recorded and compared with the CuCo(daaen) complex. The other mononuclear
metal complexes were used as intermediates to synthesize the dinuclear homo- and
hetero-metal complexes. The structures of metal complexes that are not reported in
section 1.6 are shown in Figure 2.3.
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The structures of metal complexes that are not reported in section 1.6.
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2.1.4.1 Bis(2,4,6-heptanetrionato)dicopper(II), Cu2(daa)2:172
A hot solution of 1.0 g (7.0 mmol) 2,4,6-heptanetrione in 40 mL methanol was
added to a solution containing 1.4 g (7.0 mmol) Cu(CH3COO)2·H2O in 20 mL of water.
The resulting precipitate was collected and recrystallized from pyridine (50 mL) and
dried under reduced pressure at 65ºC for 4 h to obtain a green powder. Yield 1.0 g (71
%); IR: 1540 cm-1 (v C=O), 1470 cm-1(v C-C); UV-Vis 318, 338, and 382 nm; IR values
agree with the literature values.172 The structure of the Cu2(daa)2 complex was further
confirmed by synthesizing the pyridine adduct of Cu2(daa)2 and analyzing it by single
crystal X-ray crystallography.
2.1.4.2

Bis(1,5-diphenyl-1,3,5-pentanetrionato)dicopper(II), Cu2(dba)2:
The procedure is analogous to the method reported for Cu2(daa)2 synthesis.172 A

solution of 1.4 g (7.0 mmol) Cu(CH3COO)2·H2O in 20 mL water was added to a solution
containing 1.9 g (7.0 mmol) 1,5-diphenyl-1,3,5-pentanetrione in 75 mL ethanol while
stirring. The resulting green precipitate was collected, washed with 20 mL of methanol
and water, and dried under vacuum for 6 h to obtain Cu2(dba)2. Yield 1.9 g (72%); IR:
1587, 1549 cm-1(v C=O), 1533 cm-1 (v C-C); UV-Vis 296 nm, 380 nm, 444 nm, and 474 nm.
2.1.4.3

Synthesis of the pyridine adduct of Cu2(dba)2
0.10 g Cu2(dba)2 was dissolved in 50 mL pyridine. The solution was filtered in

order to remove undissolved solid. The filtrate was then concentrated by reducing the
solvent volume to 25 mL under vacuum. The resulting solution was evaporated slowly
over three days to get dark brown rectangular macro crystals. The crystallographic data
are summarized in Table 2.3.
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Table 2.3

Crystal data and structure refinement for Cu2(dba)2(py)2.

Empirical formula

C47 H34 Cu2 N2 O6

Color

Colorless

Formula weight

849.84

Density (Mg/m3)

1.453

Crystal system

Monoclinic

Temperature (K)

100(2)

Space group

P21/c

Wavelength (Å)

0.71073

Final indices R1, wR2

0.0378, 0.0943

all data R1, wR2

0.0530, 0.1030

a (Å)

12.2857(10)

α (deg)

90

b (Å)

12.9381(10)

deg

91.8860(10)

c (Å)

24.461(2)

deg

90

V ( Å3)

3886.1(5)

Z

4

Unit cell dimensions

2.1.4.4

Bis(2,4,6- heptanetrionato)dicobalt(II) tetrahydrate, Co2(daa)2·4H2O:189
An aqueous solution of 5.1 g (18 mmol) Co(NO3)2·6H2O in 75 mL was added

dropwise to a stirring solution of 2.5 g (18 mmol) 2,4,6- heptanetrione dissolved in 50
mL methanol. After warming the solution to 60ºC, the pH of the solution was adjusted to
6.0 by adding 10 mL of methanol-ammonium hydroxide (1:1). Within few minutes an
orange precipitate formed and was separated by filtration. The product was washed with
20 mL of distilled water and dried under reduced pressure for 4-6 h. Yield 2.8 g (70%,
lit.189 70%); IR: 3420-3100 cm-1(v O-H coordinated water), 2914 cm-1(v C-H), 1573 cm-1
(v C=O), 1501 cm-1(v C=C); UV-Vis 348 nm, 309 nm, and 302 nm. The spectroscopic data
are in agreement with the literature values.189
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The attempts to grow single crystals of Co2(daa)2 utilizing various techniques
were unsuccessful. Using pyridine, needle shape brown-yellow crystals were obtained,
but the crystals were not large enough to analyze by crystallography.
2.1.4.5

Bis(1,5-diphenyl-1,3,5-pentanetrionato)dicobalt(II) tetrahydrate
Co2(dba)2·4H2O:179
A solution prepared by dissolving 0.90 g (4.0 mmol) CoCl2·6H2O in 50 mL of

water was mixed with a solution of 1.0 g (4.0 mmol) 1,5-diphenyl-1,3,5-pentanetrione (in
150 mL) while stirring at room temperature. To this solution, 5.0 mL of NaOH solution
(0.15 g in 5.0 mL H2O) was added dropwise to form a gold yellow precipitate. The
precipitate was washed with distilled water and dried under reduced pressure for 4-6 h.
Yield 0.83 g (68.6%); IR: 3400-3100 cm-1 (v O-H), 1594 (v C=O), 1555 cm-1 (v C-C); UVVis: 230 nm, 254 nm, 322 nm, and 389 nm. All spectroscopic results agree with the
literature reported.179
2.1.4.6

[6,11-Dimethyl-7,10-diazahexadeca-5,11-diene-2,4,13,15-tetraonato (2-)NN1O4O14] copper(II), Cu(H2daaen):177
An aqueous copper solution was prepared by dissolving 1.0 g (5.0 mmol)

Cu(CH3COO)2·H2O in 75 mL of water. 1.7 g (5.0 mmol) of H4daaen was dissolved in 75
mL of dichloromethane and added to the above copper solution. The reaction mixture
was stirred at 25ºC for 1.5 h until the organic layer turned dark purple. The purple
organic layer was separated and the organic solvent was removed from the separated
organic layer using a rotavap apparatus. The organic layer was dissolved in a small
amount of CH2Cl2 and eluted through a column which was prepared using 50 g of
activated Al2O3. CH2Cl2 was used as the eluting solvent. The solvent of the purple color
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solution was then removed under reduced pressure to get a purple crystalline solid. Yield
0.60 g (32.55% lit.177 25.5%); IR: 3168-2845 cm-1 (v C-H), 1625 cm-1 (v C=O free), 1582
cm-1 (v C-O coordinated); UV-Vis 312 nm, 290 nm, 272 nm, and 262 nm.
2.1.4.7

[6,11-Dimethyl-7,10-diazahexadeca-5,11-diene-2,4,13,15-tetranato(4-)N7N10O4O13;O2O4O13O15]dicopper(II) Cu2(daaen):174
1.0 g (2.5 mmol) of Cu(H2daaen) was dissolved in hot 95% ethanol and mixed

with an ethanolic solution containing 0.54 g (2.5 mmol) of Cu(CH3COO)2·H2O while
stirring. When the green reaction mixture was allowed to cool, a green, silky product was
formed. The precipitate was separated by filtration and recrystallized from CH2Cl2 to
obtain dark green needles. Yield 1.1 g (92% lit.174 90%); IR: 2908-2855 cm-1 (v C-H),
1562 cm-1 (v (C-C)-O), 1501 cm-1 (v C-N), 1177 cm-1 (v C-C); UV-Vis 360 nm, 323 nm, 278
nm, and 262 nm.
2.1.4.8

Pyridine adduct of Cu2(daaen)
0.10 g of Cu2(daaen) was dissolved in 50 mL of pyridine with heating. The dark

brown solution was filtered and allowed to evaporate slowly. After three days, brown
color rectangular needles were formed at the bottom of the flask which was then
separated and analyzed by single crystal X-ray crystallography. The observed data are
given in Table 2.4.
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Table 2.4

Crystal data and structure refinement for Cu2(daaen)py.

Empirical formula

C21 H25 Cu2 N3 O4

Color

Colorless

Formula weight

510.52

Density (Mg/m3)

1.671

Crystal system

Triclinic

Temperature (K)

100(2)

Space group

P-1

Wavelength (Å)

0.71073

all data R1, wR2

0.0236, 0.0559

Final indices R1, wR2 0.0207, 0.0545
Unit cell dimensions

2.1.4.9

a (Å)

8.0549(5)

α (deg)

106.4510(10)

b (Å)

9.8811(6)

deg

103.2710(10)

c (Å)

13.7189(8)

deg

91.4820(10)

V ( Å3)

1014.40(11)

Z

2

[6,11-Dimethyl-7,11-diazahexadeca-5,11-diene-2,4,13,15-tetraonato (4-)N7N10O4O13; O2O4O13O15]copper(II)cobalt(II), CuCo(daaen):190
0.37 g (1.0 mmol) of Cu(H2daaen) was refluxed in 10 mL of absolute ethanol for

1 h. To this refluxing solution, 0.25 g (1.0 mmol) of Co(CH3COO)2·H2O in 15 mL of
methanol was added dropwise over a two hour period and refluxing was continued
another 2 h. After refluxing, the solution was cooled to 4ºC for 16 h and filtered to
remove any solid product of Cu2(daa)2. The solvent of the filtrate was then removed
under reduced pressure and the resulting solid product was recrystallized using CH2Cl2 to
give a light brown solid. Yield 0.27 g (63% lit.190 65%); IR: 2950-2925 cm-1 (v C-H), 1550
cm-1 (v (C=O), 1501 cm-1 (v C-N), 1416 (v C-H), 1260 cm-1 (v C-H in complexes); UV-Vis:
276 nm, 284 nm, 326 nm, and 350 nm. Attempts to obtain quality single crystals using
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various techniques were unsuccessful. All attempts led to the CuCo(daaen) complex
precipitating out as an amorphous solid. EPR spectra were recorded for the CuCo(daaen)
complex and compared to the CuCo(fsaen) complex.
2.1.4.10

Synthesis of µ-3,3’-[1,2-ethanediyl-bis(nitrilomethylidyne)-bis(2hydroxybenzoato)] copper(II)cobalt(II) trihydrate [CuCo(fsaen)·3H2O]:

A two-step process was used to prepare CuCo(fsaen)·3H2O. First, the mononuclear
copper complex, Cu(H2fsaen)·1/2H2O was synthesized. Second, the heterobinuclear
CuCo(fsean)·3H2O was synthesized by reacting the mononuclear counterpart with
cobalt(II) chloride.
2.1.4.10.1

Cu(H2fsaen) 1/2H2O:191

A mixture of 0.96 g (6.0 mmol) of 3-formylsalicylic acid and 0.39 g of Na2CO3
was dissolved in 20 mL H2O. To this solution, 0.21 g (3.0 mmol) of 98%
ethylenediamine was added while stirring followed by the addition of 0.70 g of
Cu(CH3COO)2·H2O which was dissolved in 70 mL H2O. Purple color needles
precipitated. The solution was warmed to 60ºC for five minutes. The precipitate was then
separated by filtration, washed with 100 mL of hot water, and dried under reduced
pressure for 4 h to obtain 0.80 g of Cu(H2fsaen)·H2O with 79% yield.
2.1.4.10.2

CuCo(fsaen)·3H2O192

0.02 g (0.50 mmol) of LiOH·H2O and 0.10 g (0.25 mmol) of
Cu(H2fsaen)·1/2H2O was dissolved in 100 mL of water. 0.08 g (0.50 mmol) of
CoCl2·6H2O was dissolved in 10 mL of water and added to the above copper solution to
obtain a red-orange solution. The reaction mixture was then allowed to stand several days
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to obtain 0.09 g of CuCo(fsaen)·3H2O as brown-purple crystals. The crystals were
separated and dried under reduced pressure for 4 h and analyzed by single crystal X-ray
crystallography.
2.2

Preparation of Silica-Supported Metal Complexes
All binuclear metal complexes reported in section 2.1.4, except

CuCo(fsaen)·3H2O and Cu2(daaen), were used as catalytic precursors for deposition on
Cab-O-Sil. Using each metal complex, a series of silica-supported samples were prepared
and characterized by UV-Vis spectroscopy, powder X-ray diffraction, diffuse reflectance
infrared Fourier transform spectroscopy, electron paramagnetic resonance spectroscopy,
thermal gravimetric analysis, and elemental analysis. All of the supported samples were
characterized to determine whether they are present as a sub-monolayer, monolayer, or
multilayer on a Cab-O-Sil surface. This section describes the preparation of silica
supported samples.
2.2.1
2.2.1.1

Supporting Binuclear Copper Complexes on Cab-O-Sil
Cu2(daa)2/silica
Due to the insolubility of Cu2(daa)2 in most organic solvents, samples of 20, 25,

35, 50, 60, and 70 mg of Cu2(daa)2 complex were dissolved in 500 mL THF. The UV-Vis
spectrum of each solution was recorded by diluting 1 mL of the solution to 10 mL. To the
rest of the solution, 0.20 g Cab-O-Sil was added and stirred for 24 h in a closed
Erlenmeyer flask. After 24 h, samples were filtered under vacuum, washed with 100 mL
of fresh THF, and dried under reduced pressure for 6 h at room temperature.
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2.2.1.2

Cu2(dba)2/silica
Samples of 10, 15, 20, 40, 60, and 80 mg of Cu2(dba)2 were supported on Cab-O-

Sil by stirring a solution of each sample in 100 mL of CH2Cl2 with 0.25 g of silica
support for 24 h. After filtering, all samples were washed with a 50 mL aliquot of CH2Cl2
and dried under reduced pressure for 6 h at room temperature. UV-Vis spectra were
recorded before and after stirring with Cab-O-Sil.
2.2.2
2.2.2.1

Supporting Cobalt Metal Complexes on Cab-O-Sil
Co2(dba)2/silica
The general procedure for supporting the cobalt complexes is as follows. 40 mg of

the metal complex was dissolved in 200 mL of CH2Cl2. The UV-Vis spectrum of that
solution was recorded by diluting 1 mL of the solution to 10 mL. To the rest of the
solution, 0.50 g of Cab-O-Sil was added and stirred for 24 h. After 24 h, the solution was
filtered and the UV-Vis spectrum of the filtrate was recorded by diluting 1 mL to 10 mL.
The metal complex coated silica sample was dried under reduced pressure at room
temperature for 6 h. This procedure was repeated by changing the original mass of the
metal complex to 60, 80, and 100 mg. Two samples were prepared by stirring 80 mg and
110 mg of cobalt complex for 24 h followed by removing the solvent slowly at room
temperature.
2.2.2.2

CuCo(daaen)/silica
Six samples were prepared by affixing 55, 90, 150, 200, 250, and 320 mg on 1.0

g of Cab-O-Sil. Each sample was dissolved in CH2Cl2 and the UV-Vis spectrum was
recorded for the first three samples. Next, the Cab-O-Sil was added and stirred for 24 h.
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2.3

Catalytic Reactions
Three different catalytic systems were developed and evaluated for three different

catalytic reactions. The dicopper catalytic system was utilized for methanol synthesis and
methanol decomposition reactions and the dicobalt and copper-cobalt catalytic systems
were employed for Fisher-Tropsch (FT) synthesis. The main objective of this research is
to prepare well dispersed pairs of metal atoms in close proximity on the Cab-O-Sil
surface to perform bimetallic catalysis. The following section includes the preparation of
catalysts, activation of catalysts, and evaluation of catalysts for methanol synthesis and
decomposition reactions as well as FT synthesis.
2.3.1

Preparation of Precatalysts
1.0 g of Cu2(dba)2 was dissolved in 400 mL of CH2Cl2. To this solution, 5.0 g of

previously dried Cab-O-Sil was added. The mixture was then stirred for 24 h, filtered,
washed with fresh aliquots of 100 mL of CH2Cl2, and dried under vacuum for 6 h at room
temperature.
2.3.2
2.3.2.1

Generation of the Catalyst
Calcinations
The supported Cu2(dba)2/silica catalyst was heated in a furnace at 400ºC for 3 h

to remove organic bound ligands. For convenience, the calcined catalysts used in the
current study are denoted as x% M/silica[y]. x is the metal loadings after calcinations, M
is the metal, and y represents the catalyst precursor.
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2.3.2.2

Activation with H2
The calcined catalyst was deposited in a catalytic basket and transferred into the

stirred batch autoclave. 2% of H2 gas (10 psi H2 + 490 psi Ar) was flushed into the reactor
and the reactor was heated to 100ºC. This temperature was maintained for 1 h and then
the temperature was increased for at a rate of 10ºC/h until the temperature reached
240ºC.193 After sustaining 240ºC for 1 h, H2 and Ar mixture was removed from the
autoclave.
2.3.3

Catalytic Reactions
Catalytic reactions were performed in a stirred batch autoclave. The experimental

setup is shown in detail in Figure 2.4. In Figure 2.4, 1 is the H2 gas supply, 2 is the Ar gas
supply, 3 is the syngas supply, 4 is the catalyst basket, 5 is the heating jacket, 6 is the
catalyst pellets, 7 is the stirring shaft, 8 is the thermocouple, 9 is the gas outlet, 10 is the
pressure readout, and 11 is the temperature readout. All of the pressure values were
recorded in psig units and converted to psi units by adding 14.6 to each psig value
(except in methanol synthesis calculations).
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Figure 2.4

Schematic diagram to represent the basic component of the high pressure
batch reactor.

2.3.3.1 Methanol Synthesis Reactions
5.0 g of activated 3.70% Cu/silica[Cu2(dba)2] catalyst was placed in the catalytic
basket and stainless steel reactor vessel which was then attached to the batch reactor.
Syngas (CO + H2, 1:1 ratio) was introduced into the autoclave and the temperature of the
reactor was raised to 350ºC. The pressure change was recorded as a function of time. The
same procedure was repeated using 5.0 g of commercial methanol synthesis catalyst.
Throughout each reaction, the rotation speed of the stirrer was held constant at 200 rpm.
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Table 2.5

Pressure vs time data of the 3.70% Cu/silica[Cu2(dba)2] catalyst and the
commercial catalyst for the methanol synthesis reaction.

3.70% Cu/silica[Cu2(dba)2] catalyst
Time x 101 (min)

Commercial catalyst (41.2 wt% Cu)
Time x 102 (min)

Pressure
2

(x 102 psig)

(x 10 psig)

2.3.3.2

Pressure

0.0

8.6

0.0

7.7

4.8

8.2

2.4

7.3

5.6

8.0

2.6

7.1

10

7.6

3.0

6.8

13

7.4

3.3

6.7

12

6.0

13

5.9

17

5.8

25

5.7

38

5.5

50

5.3

94

5.2

108

5.1

121

5.1

Methanol Decomposition Reactions
The methanol decomposition reaction was carried out using the 3.70%

Cu/silica[Cu2(dba)2] catalyst. The catalyst was activated by reduction with 2% H2 using
the same procedure reported in section 2.3.1. The reactor was allowed to cool to room
temperature and all of the remaining gases in the reactor were removed. After opening
the reactor, 15 mL of methanol was deposited at the bottom of the stainless steel reactor
vessel and attached to the fixed head. The temperature of the reactor was then increased
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from room temperature to 220ºC. The reaction progress was monitored by measuring the
pressure of the reactor as a function of time. This reaction was repeated using 10.0 g of a
commercial methanol synthesis catalyst and 15 mL of methanol. The initial pressures of
the two catalysts have different values because the methanol decompostion reaction
occurred over the commercial catalyst before the reaction temperature of 220ºC was
attained. Analysis of reaction data will be discussed in detail in Chapter 4.
Table 2.6

Pressure vs. time data of 3.70% Cu/silica[Cu2(dba)2] and the commercial
catalyst for the methanol decomposition reaction.

3.20% Cu/silica[Cu2(dba)2] catalyst
Time (min)

Commercial catalyst (41.20 wt% Cu)

Pressure

Time (min)

(x 102 psig)

Pressure
(x 102 psig)

0.0

3.5

0.0

5.3

1.6

4.0

3.7

6.3

4.0

4.5

5.0

7.3

7.9

5.0

8.0

8.3

9.2

5.1

10

8.8

82

5.3

15

9.3

16

9.4

17

9.5

18

9.6

19

9.7

20

9.8

21

9.9

22

10.0

23

10.1

25

10.2

170

10.8
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2.3.3.3

Characterization of the Catalysts after Catalytic Reactions
All of the catalysts used for methanol synthesis and decomposition reactions were

characterized by XRD and TEM after calcinations and after methanol synthesis and
decomposition reactions. The results will be discussed in Chapter 3.
2.3.4

Preparation of Cobalt Catalysts

2.3.4.1

Co2(dba)2/silica Catalysts
Several Co2(dba)2/silica catalysts were prepared using the same procedure

reported in section 2.3.1.
2.3.4.2

Co2 (dba)2/silica Monolayer Catalysts
Approximately 1.0 g of Co2(dba)2 was dissolved in 400 mL of CH2Cl2. 5.0 g of

Cab-O-Sil was then added and the solution was stirred for 24 h, filtered, and washed with
fresh 100 mL aliquots of CH2Cl2, and dried under reduced pressure for 4-6 h.
The same procedure was repeated using 2.0 g of Co2(dba)2 and 10.0 g of Cab-OSil. This catalyst was evaluated to synthesize liquid hydrocarbons using the FT reaction
by exposing the catalyst to syngas for a long period of time as follows.
2.3.4.3

Co2 (dba)2/silica Multilayer Catalysts
Co2(dba)2/silica multilayer catalyst was prepared by utilizing 1.9 g of Co2(dba)2

and 5.0 g of Cab-O-Sil. The reaction mixture was first stirred for 24 h and then the
solvent was removed under reduced pressure to obtain Co2(dba)2/silica multilayer
catalysts.
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2.3.4.4

Preparation of Co2(daa)2/silica Catalyst
The same approach was used to prepare Co2(daa)2/silica catalyst as reported in

section 2.3.3. 1.0 g of Co2(daa)2 and 5.0 g of silica were used.
2.3.4.5

Catalysts Activation and Reduction
All cobalt catalysts were heated at 400ºC for several hours in a muffle furnace to

remove the organic ligands. After calcinations, wt% of each catalysts were 3.50%
Co/silica[Co2(dba)2], 6.7% Co/silica[Co2(dba)2], 5.50% Co/silica[Co2(daa)2] and 2.3%
Co/silica[CuCo(daaen)]. Thermally activated catalysts were then reduced at 300ºC with
50% H2 (250 psi H2 + 250 psi Ar) for 2 h in a stirred batch reactor. The gas mixture was
removed from the reactor and syngas (CO:H2 1:1 mixture) was introduced to the reactor
until the pressure reached 800-1500 psi. The reaction was performed at 350ºC and the
reaction progress was monitored by measuring the total pressure as a function of time as
shown in Table 2.7.
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Table 2.7

Pressure vs. time data of Co/silica[Co2(dba)2] monolayer and multilayer
catalysts.
Monolayer catalyst

Multilayer catalyst

(3.5% Co/silica[Co2(dba)2])

(6.7% Co/silica[Co2(dba)2])

Time (h)

Pressure (x 103 psig)

Time (h)

Pressure
(x 102 psig)

0.0

1.39

0.0

9.1

6.0

1.36

2.0

7.2

1.7

1.32

6.0

5.5

2.2

1.31

8.0

5.1

2.5

1.30

16

4.3

4.1

1.25

17

4.3

4.6

1.24

6.2

1.19

After each of the catalytic runs, the reactor was allowed to cool and gas samples
were collected and analyzed by GC and GC-MS. The rest of the gaseous products were
allowed to collect an ice-cooled CH2Cl2 solution as shown in Figure 2.5.
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Figure 2.5

Schematic diagram representing the collection of products after catalytic
reactions; 1 is the gas outlet, 2 is the CH2Cl2 solvent, and 3 is the ice cold
water.

By employing this technique, all the liquid products were extracted into CH2Cl2.
This CH2Cl2 solution was analyzed by GC-MS.
2.3.5
2.3.5.1

Copper-Cobalt Based Catalytic System
CuCo(daaen)/silica Catalyst Preparation
0.9 g of CuCo(daaen) was dissolved in 40 mL of CH2Cl2 and 5.0 g of Cab-O-Sil

was added. The solution was stirred for 24 h, filtered, washed with 100 mL CH2Cl2, and
dried under reduced pressure for 4-6 h.
2.3.5.2

Activation of the Catalyst
Silica coated CuCo(daaen) was activated using the same procedure reported in

section 2.3.3. After calcinations, cobalt and copper wt% of the catalyst were 2.3 and 2.44,
respectively. This catalyst will be denoted as 2.3% Co/silica[CuCo(daaen)] .
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2.3.5.3

Catalytic Reaction
FT synthesis was performed as described in section 2.3.2. The kinetic data for the

reaction is given in Table 2.8.
Table 2.8

Pressure vs. time data of 2.3% Co/silica[CuCo(daaen)] catalyst for FT
reaction.
2.3% Co/silica[CuCo(daaen)] catalyst
Time (min)

Pressure
(x 103 psig)

0.0

1.30

1.2

1.28

4.0

1.22

7.0

1.19

11

1.06

17

0.99

23

0.93

31

0.95

After the FT reaction, gas and liquid samples were collected using the same
procedure reported in 2.3.3 and analyzed by GC and GC-MS. Characterization of silica
supported homo- and heterobinuclear metal complexes will be discribed in Chapter 3.
Analysis of the kinetic data, analysis of gas and liquid products of the catalytic reactions,
and characterization of the catalysts before and after reactions will be discussed in detail
in Chapter 4.
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CHAPTER III
CHARACTERIZATION OF SILICA SUPPORTED HOMO- AND
HETEROBINUCLEAR METAL COMPLEXES

This chapter is divided into two main sections. The crystal structures of some
ligands and metal complexes were obtained during this study are discussed in the first
part of this chapter. The characterization results for silica supported dicopper, dicobalt,
and copper-cobalt complexes are described in the second part of this chapter. All
supported samples were characterized by UV-Vis, XRD, DRIFTS, TGA, and elemental
analysis. These analytical results are discussed in the following sections.
3.1

Crystal Structures of Ligands and Metal Complexes
As a part of this research, the crystal structures of H2baa, H4daaen, Cu2(daaen)py,

and Cu2(dba)2(py)2 were obtained. This section briefly discusses the some important
features of these crystal structures.
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3.1.1

The Crystal Structure of H2baa

Figure 3.1

The crystal structure of H2baa with thermal ellipsoids at 50% probability

The crystal structure of 1-phenyl-1,3,5-pentanetrione is shown in Figure 3.1. The
molecule exists in the dienol form in the solid state. The central keto oxygen atom forms
intramolecular hydrogen bonds with the two adjacent enol hydrogens, H13 and H14. The
distances between the H13 and O2 and H14 and O2 are 1.808 Å and 1.790 Å,
respectively. The bond distances of C2-C3 and C5-C6 are 1.3612 Å and 1.3628 Å,
respectively. These bond distances are notably shorter than C1-C2, C3-C4, and C4-C5
bonds. The C2-C3 and C5-C6 bond distances are similar to a double bond distance. The
carbon back bone of the baa ligand is almost planar because of a delocalized π system.185
A comparison of some bond distances of 1-phenyl-1,3,5-pentanetrione with 1,2-diphenyl1,3,5-pentanetrione is depicted in Table 3.1.
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Table 3.1

Selected bond distances (Å) of H2baa and H2dba.
Compound

3.1.2

Bond

H2baa

H2dba

O1-C2

1.3329(14)

1.337 (2)

O2-C4

1.2814(14)

1.288(2)

O3-C6

1.3369(13)

1.341(2)

C2-C3

1.3612(16)

1.360(3)

C3-C4

1.4407(16)

1.430(3)

C4-C5
C5-C6

1.4396(16)
1.3628(16)

1.437(3)
1.361(3)

The Crystal Structure of H4daaen.

Figure 3.2

The crystal structure of H4daaen with thermal ellipsoids at 50%
probability..
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Condensation of 1:1 mole ratio of ethylene diamine and hepatane-2,4,6-trione led
to the formation of H4daaen. The crystal structure of H4daaen has a cyclic structure as
shown in Figure 3.2. The complex contains two carbonyl groups and four –NH groups
inside the ring. The central carbonyl groups of the daa ligand forms intramolecular
hydrogen bonds with neighboring –NH groups. The distance between H1 and O1A is
1.925 Å and the distance between H2 and O1A is 1.956 Å The carbon back bone of the
triketonate ligand is almost planar whereas the carbonyl oxygen and N-H groups are
slightly pointing away from the plane of the ligand backbone. The planes of the two
triketone ligands are connected by bridging ethylene groups. As a result, the side view of
the molecule is similar to a side view of a chair. The C=O bond distance is 1.2782 Å and
the C2-N1 and C6-H2A bond distances are 1.3461 Å and 1.3507 Å, respectively. These
bond distances indicate a double bond character whereas C8-N1 and C9A-N2A are close
to a single bond distance (1.4578 Å) of C-N.
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3.1.3

The Crystal Structure of Cu2(daaen)py.

Figure 3.3

The crystal structure of Cu2(daaen)py.

Slow evaporation of a concentrated pyridine solution of Cu2(daaen) developed
single crystals of Cu2(daaen)(py) (Figure 3.3). In the crystal structure, two copper atoms
are coordinated to two different coordination sites; inner N2O2 and outer O2O2. The
copper atom which is bonded to the outer O2O2 site is axially bonded to a pyridine
molecule. The triketonato carbon-carbon backbone, two nitrogen atoms, ethylene groups
and the inner copper atom almost lie in one plane whereas the copper atom bonded to the
pyridine molecule lies 0.226 Å above the plane. The copper-copper bond distance is
found to be 3.0275 Å in most triketone based copper complexes, such as, Cu2(daa)2(py)2
and Cu2(baa)2(py)2. Copper atoms in these complexes have shown a coordination number
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of five, but in the Cu2(daaen) pyridine adduct, the N2O2 coordinated copper atom has
shown a coordination number of 4. This suggests that the N2O2 coordination site provides
enough electron density to the copper atoms to be stabilized with a coordination number
of 4. Since the electron donating ability of the O2O2 site to the copper atom is poor, the
O2O2 bonded copper atom accepts electron density from the pyridine molecule. Bond
distances of Cu2(daaen) were compared with a mononuclear complex of Cu(H2daaen)
and the comparisons are summarized in Table 3.2.
Table 3.2

Selected bond distances (Å) of CuCo(daaen) and Cu(H2daaen).

Bond
Cu2-O2
Cu2-O3
N1-Cu2
Cu2-N2
N1-C7
N2-C8
O1-C2
O4-C13

Compound
Cu2(daaen)py
Cu(H2daaen)
1.9086(10)
1.901(3)
1.9058(11)
1.911(3)
1.8798(13)
1.926(3)
1.8821(13)
1.930(3)
1.4708(19)
1.462(5)
1.4675(19)
1.469(6)
1.2992(18)
1.234(6)
1.3007(19)
1.207(6)

69

3.1.4

The Crystal Structure of Cu2(dba)2(py)2.

Figure 3.4

The crystal structure of Cu2(dba)2(py)2.

The crystal structure of Cu2(dba)2(py)2 is given in Figure 3.4. Surprisingly, the
Cu2(dba)2 complex crystallizes with coordinating copper atoms to two pyridine molecules
from the same side of the metal complex. The crystal structures reported so far with
triketone based dicopper complexes have two pyridine molecules coordinated from
opposite faces of each metal complex. The coordination of two pyridine molecules causes
the metal complex to become nonplanar along the carbon-carbon backbone of the dba
ligands. Copper atoms are lifted above the plane with pyridine coordination while carbon
atoms of the dba back bone are curved downward. Phenyl rings of the dba ligands are
twisted to a different extent from the plane of the copper atoms. The copper-copper
distance is 3.0583(4) Ǻ and the Cu1-N1 distance is 2.248 Ǻ. These bond distances are
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slightly longer than the copper-copper distance (3.0565 Ǻ) and the copper-nitrogen
distance (2.2617 Ǻ) of Cu2(daa)2(py)2. These bond distances in the Cu2(daa)2(py)2
complex are slightly longer than in the Cu2(dba)2(py)2 structure. The unit cell of the
Cu2(dba)2(py)2 contains eight pyridine molecules occupying each edge and two pyridine
molecules occupying the face of the unit cell. The uncoordinated pyridine is shown in
Figure 3.4 is refined as a benzene ring for clarity. Two copper atoms in Cu2(dba)2(py)2
molecule are in slightly different planes compared to coordinated oxygen atoms. The Cu1
atom lies above 0.2223(9) Ǻ above the O6O5O1O2 plane whereas Cu2 atom lies
0.2025(8) Ǻ above the O5O4O2O3 plane. The angle between the two planes is 12.26˚. A
comparison of some important bond lengths of Cu2(dba)2(py)2, Cu2(daa)2(py)2,194 and
Cu2(dana)2(py)2178(dana = 1,5-bis(p-methoxyphenyl)-1,3,5-pentanetrione) is given in
Table 3.3.
Table 3.3

Selected bond distances (Å) of Cu2(dba)2(py)2, Cu2(daa)2(py)2, and
Cu2(baa)2(py)2.
Compound
Bond

Cu2(dba)2(py)2

Cu2(daa)2(py)2

Cu2(dana)2(py)2

Cu1-Cu2

3.0583(4)

3.0565(3)

3.035(1)

O1-C1

1.290(3)

1.2860(18)

1.280(4)

O2-C3

1.317(3)

1.3136(16)

1.324(2)

O3-C5

1.289(3)

1.2894(18)

1.300(3)

Cu1-N1

2.248(2)

2.2617(12)

Cu2-N2

2.250(2)

2.2617(12)

71

3.2
3.2.1

Characterization of Silica Supported Homo and Heteronuclear Metal
Complexes
Characterizations of Silica Supported Cu2(daa)2 Complexes
The Cu2(daa)2 complex does not dissolve in most common organic solvents

except strongly coordinating solvents, such as pyridine and dimethyl sulfoxide.172 In
pyridine and dimethyl sulfoxide solutions, the metal complex is completely coordinated
and thus the metal complex does not have an available coordination site to coordinate
with the surface. The Cu2(daa)2 metal complex dissolves only slightly in THF. Therefore,
this moderately coordinating solvent was used to dissolve Cu2(daa)2 for deposition. Note
that the solubility of Cu2(daa)2 in THF has been reported as 1 x 10-3 M 172. However, a
solubility of only 1 x 10-5 M was found in this study.
Different metal loaded Cu2(daa)2/silica samples were prepared by increasing the
concentration of the metal solution and by keeping the surface area of the support
constant. The objective of preparing different metal loaded sample was to decorate the
silica surface with submonolayer, monolayer, and multilayer films of Cu2(daa)2. In each
experiment, a metal solution of Cu2(dba)2 was stirred with a silica support for 24 h and
was allowed the metal complex to bind to the silica surface. Deposition of the metal
complex onto silica was monitored by UV-Vis of the metal complex solution before and
24 h after addition of Cab-O-Sil (Figure 3.5). A new absorbance peak (λmax 226 nm, peak
is not shown) was observed for the Cu2(daa)2 after the deposition process suggesting that
other reactions are occurring during the Cu2(daa)2 complex deposition process in THF
solution
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Figure 3.5
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UV-Vis of a) 4.91 x 10-5 M Cu2(daa)2 in THF b) after stirring the same
solution with 0.25 g of Cab-O-Sil for 24 h.

Six different Cu2(daa)2/silica samples were prepared by the batch impregnation
method. The amount of metal complex and the amount of silica used to prepare each
sample are shown in detail in Table 3.4. Elemental analyses were performed to determine
the copper and carbon content in all of the supported samples. Using the copper wt%
found by elemental analysis (Table 3.4), predicted C wt% were calculated for supported
samples of Cu2(daa)2. This predicted C wt% is the value expected if the intact complex
was adsorbed on the surface. It is obtained by taking the wt% Cu from the elemental
analysis and multiplying it by the ratio of wt% C to wt% Cu in the complex.
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Table 3.4

The observed copper and carbon weight percentages of silica-supported
Cu2(daa)2 in elemental analysis. Calculated C wt% was determined
stoichiometrically using the measured Cu wt%.

Mass of
Cu2(daa)2

Mass of

used (g)

silica (g)

Elemental analyses of

Calculated carbon weight

Cu2(daa)2/silica

percentages for
Cu2(daa)2/silica

Cu%

C%

C%

0.020

0.20

1.25

1.90

1.65

0.025

0.20

2.49

2.45

3.29

0.035

0.20

4.43

3.02

5.86

0.050

0.20

5.98

4.01

7.91

0.060

0.20

6.90

4.15

9.13

0.070

0.20

7.53

5.19

9.98

The observed C wt% in Table 3.4 for Cu2(daa)2 is about half that calculated
assuming that both ligands were present in the metal complex decorating the silica. These
same data were examined calculating the C wt% if the silica supported metal complex
loses one ligand (Fig. 3.6c), For the sample with lowest metal loading (1.25 wt% copper),
the measured C/Cu ratio was slightly above the expected ratio. It is speculated that the
excess carbon found in this sample is from the silica support. To confirm the presence of
carbon in the support, elemental analysis was performed for the pure Cab-O-Sil. The
analytical results confirmed the presence of < 0.5 wt% carbon in Cab-O-Sil. For the 1.25
wt% Cu loading sample, the fractional monolayer coverage was 23% [((1.25/5.33)*100%
= 23%].
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Fractional coverage =

metal wt% of the sample

metal wt% required to cover
the whole surface as a monolayer

x 100%

(3.1)

5.33 % is the theoretically predicted Cu wt% for complete monolayer coverage.
This value was calculated assuming the close-packed arrangement of Cu2(daa)2
molecules covering the silica surface as a complete monolayer (Table 1.1). At higher
metal loadings (2.49 and 4.43 wt% Cu), the elemental analysis gave C/Cu ratios well
below the C/Cu ratio calculated assuming no ligands were lost and corresponds to 47%
and 83% monolayer loadings, respectively. This result suggests that at these intermediate
metal loadings the adsorbed Cu2(daa)2 complex starts to lose a ligand. This effect
becomes more severe at higher metal loadings of 5.98, 6.90, and 7.53 wt% of copper,
corresponding to 112%, 130% and 141% monolayer coverage. At the higher metal
loadings (> 4.43 wt% Cu), the observed C/Cu ratio is close to that the value when one
ligand is assumed to be lost (Figure 3.6c). These results confirm the loss of the equivalent
to one ligand from the Cu2(daa)2 metal complex after it is affixed onto Cab-O-Sil.
However, these results are inconclusive as to whether one ligand was lost or part of a
ligand is lost from both sides of the complex.
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Moles of Carbon (mmol) per
1 g of Supported Sample

0.8

0.6

0.4

(a)
(b)

0.2

(c)

0.0

0.04

0.08

Moles of Copper (mmol) per
1 g of Supported Sample

Figure 3.6

0.12

Molar Cu and C content of Cu2(daa)2/silica (as determined by elemental
analysis) of supported Cu2(daa)2 a) calculated if no ligand lost b)
experimental values (as determined by elemental analysis) c) calculated if
one ligand lost.

Bruce et al. described a Cu-containing metal complex, [CuC8H21N2O4]1+, that lost
a ligand upon decorating a Cab-O-Sil surface.154 For loadings in excess of a monolayer,
the extra monolayer complexes did not lose a ligand upon decorating the surface.
Conversely, the results presented here for Cu2(daa)2 suggest that the complexes retain the
ligands at the lowest loadings; for loadings approaching monolayer loadings, the complex
lose a ligand or parts of a ligand.
The thermal decomposition of the unsupported Cu2(daa)2 showed weight loss
from 190C to 440C (Figure 3.7). The decomposition of the parent metal complex
shows a rapid weight change of 50% from 190C to 280C and a slow weight change of
12% from 280C to 440C.
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Figure 3.7

TGA trace for Cu2(daa)2

This data can be explained using equations 3.1 and 3.2.
Cu2(daa)2

2 Cu(OH)2 + volatiles

(3.2)

2 CuO + 2H2O

(3.3)

2 Cu(OH)2

For the first reaction, the predicted weight loss is 52.09 wt% which compares well
with the observed weight loss of 50%. The second reaction shows a predicted weight loss
of 12.77 wt% which agrees with the observed weight loss of 12 wt%. The TGA data
indicate that most of the daa ligands are volatized at temperatures below 280oC. The
thermal decomposition results for silica supported Cu2(daa)2 samples and expected
weight loss for each sample are reported in Table 3.5.
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Table 3.5

TGA % weight loss and calculated % weight loss of supported Cu2(daa)2
complex

wt% Cu loading

% weight loss calculated

% weight loss found

1.25

2.44

2.62

2.49

4.97

3.73

4.43

8.84

4.86

5.98

11.9

6.33

6.90

13.7

6.47

7.53

15.0

7.76

The weight change observed for 1.25 wt% sample is slightly higher than the
calculated value (2.44% vs. 2.62%). This results suggest that the retention of Cu2(daa)2
complex on silica surface with 1.25 wt% Cu loading. All of the other samples produced
less weight changes compared to the calculated values indicating the loss of ligands from
the absorbed metal complex. The two samples of 5.98 wt% Cu and 6.90 wt% Cu showed
similar weight changes, therefore, the explanation of TGA results for Cu2(daa)2/silica is a
little difficult.
Beckler and White demonstrated that powder XRD could be used to define the
monolayer and multilayer formation of certain metal complexes on the surface of an
amorphous support.154 Sub-monolayer loadings of a polynuclear metal complex on CabO-Sil resulted in a lack of XRD diffraction, whereas, a rich XRD defractogram was
observed for a sample showing more than a monolayer loading of the metal complex. The
monolayer sample showed some, but not all, of the diffractions observed in the spectrum
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of the polycrystalline metal complexes. Multilayers of the supported metal complex on
Cab-O-Sil gave a XRD spectrum identical to the unsupported metal complex. Therefore,
monolayer and multilayer film formation of certain metal complexes on the surface of

Intensity (a.u.)

Cab-O-Sil can be defined by the XRD pattern.
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Figure 3.8

XRD of a) Cu2(daa)2 b) 1.25 wt% Cu Cu2(daa)2/silica c) 7.53 wt% Cu
Cu2(daa)2/silica

As illustrated in Figure 3.8, the unsupported Cu2(daa)2 metal complex is
polycrystalline and shows sharp, intense peaks in the XRD at 2θ values of 6.52, 9.55,
10.30, 12.79, 14.44, 17.40, 20.16, 22.02, 22.64, 25.47, 27.54 and 29.26 degrees. Based on
the shape and size of the Cu2(daa)2 metal complex and the average surface area of CabO-Sil (see Table 1.1), it was predicted that a monolayer would be formed in the 5.33 wt%
Cu loading sample. However, neither the 6.90 wt% nor 7.53 wt% Cu loading
Cu2(daa)2/silica samples showed any XRD peaks suggesting that the silica-supported
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samples are amorphous, the Cu2(daa)2 metal complex does not form crystalline sites after
mounting on the surface, or the metal complex may not exist as multilayers.
DRIFTS spectroscopy was used to investigate the IR vibrations of supported and
unsupported Cu2(daa)2. DRIFTS has been used to define monolayer formation of a
similar metal complex, Cu(acac)2, on Cab-O-Sil.195,196 The completion of a monolayer
loading was defined by the appearance of the cyclic C-H deformation overtone vibration.
Spectra for sub-monolayer loadings of the Cu-containing complex did not show this
vibration.
Figure 3.9 displays the DRIFTS spectra of supported and unsupported samples of
Cu2(daa)2. The -OH vibrations of the silica and absorbed water, apparent in all supported
samples, were observed in the range of 3500 cm-1 to 3000 cm-1. Weak peaks
corresponding to C-H stretching of the methyl groups appeared just below 3000 cm-1 in
the parent metal complex and was observed as weak peaks in the supported samples.
Examination of the region between 1800 cm-1 and 1300 cm-1 reveals more
differences between the IR spectrum of unsupported and supported Cu2(daa)2.
Unsupported Cu2(daa)2 shows peaks at 1360, 1408, 1464, and 1540 cm-1. Interestingly,
the strong peak shown by the Cu2(daa)2 metal complex at 1540 cm-1 is missing in all the
supported samples. Instead, two peaks with moderate intensity are apparent at 1576 cm-1
and 1530 cm-1 at higher metal loadings. The peak at 1464 cm-1 was absent in the 1.25%
and 2.49 wt% Cu loading samples. The vibrations near 1200 cm-1 and 1000 cm-1, which
are apparent in the unsupported complex, are missing in the supported metal complex.
Instead a broad intense peak was observed at 1013 cm-1 which can be assigned to Si-O
vibrations of the support.197 The intensity of all IR peaks, except the peak at 1013 cm-1,
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increases linearly with increasing metal loadings on the surface (Figure 3.9). The IR
spectrum of the unsupported Cu2(daa)2 metal complex is clearly different from the IR
spectra of the supported samples. These differences indicate structural differences
between the adsorbed metal complex and the parent metal complex and support the
results obtained from UV-Vis, elemental analysis, and TGA. The loss of one daa ligand
could explain the unusual DRIFTS data observed for silica-supported Cu2(daa)2.
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Figure 3.9

DRIFTS of Cu2(daa)2/silica at copper loadings of (a) 1.25 wt% (b) 2.49
wt% (c) 4.43 wt% (d) 5.98 wt% (e) 6.90 wt% (f) 7.53 wt%, and (g)
unsupported Cu2(daa)2.

All of the observed results can be summarized as follows. According to the UVVis, TGA, and elemental analysis results, Cu2(daa)2 starts to lose a ligand at greater than
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2.49 wt% metal loading. This ligand loss can be explained using the polarity of the
solvent. THF is a polar solvent and may remove a ligand from the metal complex to make
the metal complex soluble in THF. The released ligand is then adsorbed on the silica
surface through hydrogen bonding at low loadings. At the same time, the metal complex
which is coordinated with only one ligand is bonded to the silica surface through Si-O-Cu
bonds. When the elemental analysis is conducted for low wt% loaded Cu2(daa)2/silica
complex, the desired C/Cu ration is observed because the lost ligand is still retain on the
surface. With increasing metal concentrations, the ligands which are on the surface are
replaced by the ligand- lost metal complex. Since these ligands are soluble in THF, they
moved to the filtrate when the supported samples are separated by filtration. So now the
adsorbed metal complexes show a lower C/Cu ratio. The ligands of the decorated metal
complex may lie perpendicular to the surface since no evidence was found for the
formation of multilayer films even with 7.53 wt% cooper loadings. In conclusion, THF is
a not good solvent for Cu2(daa)2 to deposit on silica surfaces. Polar solvents can make
changes in the soluable structure of the metal complex. On the other hand, for each
deposition process of Cu2(daa)2/silica, 400 mL of THF was used. Therefore, the metal
complex was switched to Cu2(dba)2 which was easily dissolved in less polar solvents.
The next section discusses the results obtained for Cu2(dba)2 deposition process on silica.
3.2.2

Characterizations of Silica Supported Cu2(dba)2 Complexes
The Cu2(dba)2 metal complex dissolves in most common organic solvents. Since

the selection of the solvent plays an important role in the metal complex deposition
process, CH2Cl2 was chosen as the solvent for Cu2(dba)2 as it is not as strongly
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coordinated to the metal complex and permits the axial positions of the metal complex to
be available for the strong interactions with the support.
Deposition of the metal complex onto Cab-O-Sil was monitored by UV-Vis of the
metal complex solution before and 24 h after addition of Cab-O-Sil. As shown in Figure
3.10, the Cu2(dba)2 complex solution didn’t show a spectrum with additional peaks as
observed for Cu2(daa)2. This indicates that the parent metal complex does not undergo
decomposition reactions such as ligand dissociation during the metal complex deposition
process.
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Figure 3.10
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UV-Vis spectra of a) 1.53 x 10-5 M Cu2(dba)2 in CH2Cl2 b) after stirring
the solution with 0.5 g of Cab-O-Sil for 24 h.

The change in UV-Vis absorbance of Cu2(dba)2 was used to calculate the amount
of metal complex absorbed onto the Cab-O-Sil. The maximum absorbance peak at 444
nm was used for all the calculations of the concentration of complex remaining in
solution. With high metal loadings, UV-Vis absorption spectra were recorded after 24 h
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of stirring and then the amount of metal complex left in the solution was calculated. This
remaining amount was subtracted from the initial mass of the metal complex and the
copper wt% on silica was calculated. The calculated wt% of carbon and copper are
shown in Table 3.6. To determine whether the ligands were kept intact on the surface
after the adsorption of each metal complex, elemental analysis was performed and those
results are combined with the UV-Vis results in Table 3.6.
Table 3.6

Copper and carbon weight percentages of silica-supported Cu2(dba)2.
Measured values determined by elemental analysis. Predicted values were
calculated from UV-Vis experiments.

Mass of

Mass of

Elemental analyses

Predicted values from UV-Vis

Cu2(dba)2

silica used

results

experiments

used (g)

(g)

Cu%

C%

Cu%

C%

0.010

0.25

0.73

2.36

0.73

2.3

0.015

0.25

1.06

3.62

1.1

3.5

0.020

0.25

1.36

4.47

1.3

4.3

0.040

0.25

2.64

8.11

2.6

8.5

0.060

0.25

3.91

11.9

3.7

12

0.080

0.25

4.34

13.8

4.6

14

Using the carbon wt% found by elemental analysis (Table 3.6), predicted C/Cu
ratios were calculated for supported samples of Cu2(dba)2. Moles of C observed by
elemental analysis in each sample were plotted versus the moles of Cu observed in the
sample (Fig. 3.11). These observed values (filled circles) were compared to the predicted
values obtained using the stoichiometry of the parent metal complex (filled squares). The
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parent metal complex of Cu2(dba)2 shows a C/Cu ratio of 17. The agreement between the
observed and predicted C/Cu ratios suggests that the Cu2(dba)2 complex did not lose any
of its ligands upon coordination with the Cab-O-Sil.

Moles of Carbon (mmol) per
1 g of Supported Sample

4

3
(a)

2

(b)

1

0
0.00

Figure 3.11

0.08

0.16

Moles of Copper (mmol) per
1 g of Supported Sample

0.24

Comparison of elemental analyses results and UV-Vis calculated results of
silica supported Cu2(dba)2: a) Ratios of C/Cu predicted and b) found by
elemental analysis.

Pure Cu2(dba)2 was thermally decomposed in the TGA under a stream of helium
to determine the percent weight loss. Expected weight changes were calculated for the
unsupported sample by assuming the following reactions.
Cu2(dba)2

2 Cu(OH)2 + volatiles

(3.4)

2 CuO + 2 H2O

(3.5)

2 Cu(OH)2
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Experimental weight changes of unsupported Cu2(dba)2 were consistent with the
reactions shown above. The Cu2(dba)2 complex shows two weight loss events: (1) from
235C to 290C (43%) and (2) above 290C (27%) as shown in Figure 3.12. This total
weight change (70%) is very close to the predicted weight change (70.24%) calculated
assuming the formation of two Cu(OH)2 molecules after thermolysis. If it is assumed that
the lower temperature decomposition occurs with the loss of one ligand, the predicted
weight loss is 40.3% which agrees well with the observed weight loss of 43%. The
predicted weight loss for the higher temperature decomposition is 29.93% assuming that
the product is 2 Cu(OH)2. This weight loss is more than the 27 wt% loss observed for the
decomposition at higher temperatures. For the second reaction, predicted weight change
is 5.5% with only 2% weight change being observed above 430˚C.
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Figure 3.12

TGA Trace for Cu2(dba)2
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The supported Cu2(dba)2/silica samples were examined by TGA and the weight
change with temperature are shown in Figure 3.13. The predicted %weight loss and
experimental %weight loss assuming the formation of Cu2O (with 2 O-Si also
coordinated) on the surface is tabulated in Table 3.7. After thermal decomposition, it is
expected that these two copper atoms are attached to the oxygen atoms of the silanol
groups and bridged by another oxygen atoms as illustrated below.
Cu2(dba)2 (ads)

2 Cu2O (ads) + volatiles

(3.6)

Weight Percent%
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Figure 3.13

Thermal decomposition of Cu2(dba)2/silica; (a) 0.73 wt% (b) 1.06 wt% (c)
1.36 wt% (d) 2.64 wt% (e) 3.91 wt% (f) 4.34 wt%

Samples having copper loading < 2.64 wt% Cu show very slow decomposition
kinetics above 235˚C. The other two samples, 3.91 wt% Cu and 4.34 wt% Cu exhibit a
rapid weight change from 235˚C to 290˚C and a slow weight change above 290˚C. This
rapid weight change can be attributed to the decomposition of less strongly interacting
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second layer on the surface. The layer which lies close to the surface may be strongly
attracted to the surface, hence, does not come off the surface easily with heating.
Table 3.7

Calculated and experimentally found % weight loss of Cu2(dba)2/silica from
TGA.

Wt% Cu

% weight loss Calculated

% weight loss found

0.73

2.91

3.63

1.06

4.27

4.44

1.36

5.48

6.54

2.64

10.6

10.8

3.91

15.8

13.5

4.34

17.5

17.9

In some samples, weight loss obtained from TGA is slightly higher than the
expected values. This may be due to the weight loss occurring from the silica support at
elevated temperatures. To test this hypothesis, the TGA curve was recorded for silica
support as shown in Figure 3.14. The support does indeed show a weight decrease of
1.5% above 100ºC.
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Figure 3.14

TGA of silica gel

The Cu2(dba)2/silica samples showed XRD peaks at 2θ values of 6.52, 9.56,
10.30, 12.80, 14.44, 17.40, 20.16, 22.02, 22.64, 25.48, 27.54, and 29.26 degrees for Cu
loadings > 3.91 wt% (Figure 3.16e, 3.16f). These peaks are similar to those observed for
the parent metal complex (Figure 3.15g). In the XRD of 2.64 wt% Cu sample (Figure
3.16d), strong peaks were observed at 2θ values of 6.58, 9.68, 14.51, 22.12, and 27.60
degrees and weak reflections were apparent as well. The appearance of these peaks in the
supported samples as well as in polycrystalline sample indicates that the surface contains
at least one layer of the metal complex.
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Figure 3.15

XRD patterns of supported Cu2(dba)2, (a) 0.73 wt% (b) 1.06 wt% (c) 1.36
wt% (d) 2.64 wt% (e) 3.91 wt% (f) 4.34 wt%, and (g) unsupported
Cu2(dba)2.

Therefore, complete Cu2(dba)2 monolayers formed for samples having 2.64% or
greater wt% Cu loading. These results are in agreement with the theoretically calculated
monolayer coverage of 2.44 wt% Cu. For samples having Cu loadings < 1.36 wt%, the
data suggest sub-monolayer amounts of the metal complex were deposited since XRD
diffraction peaks were not observed. The diffraction patterns of these samples were
similar to the diffraction pattern of Cab-O-Sil.
Figure 3.17 shows the DRIFTS spectra of unsupported and Cab-O-Sil supported
Cu2(dba)2 at different Cu loadings. Neither the Cu2(dba)2 metal complex nor the
supported samples show IR peaks in the region of 4000 cm-1 to 1600 cm-1. By comparing
90

the spectra of Cu2(daa)2 with silica supported samples, there are two noteworthy features
to discuss. First, spectra of the supported samples are similar to those of the parent metal
complex of Cu2(dba)2 for Cu loadings ≥ 2.64 wt%. Second, the peak at 1435 cm-1 in the ≤
1.36 wt% copper sample is missing and starts to reappear in spectra of sample with
copper loadings of 2.64 wt% and above. Based on findings of Kenvin et al.161 when the
supported metal complex exists as more than one layer, the layers on the top do not have
a strong interaction with the surface and hence behave similar to that of the crystals of
Cu2(dba)2. Since DRIFTS is a surface sensitive technique, the spectrum is dominated by
the features of the Cu2(dba)2 in the top-most layer(s). Since the IR spectra of the samples
of 2.64 wt% copper and higher loadings are very similar to the spectrum of the Cu2(dba)2
complex, it was concluded that for samples with ≥ 2.64 wt% copper loadings, a
monolayer (or greater) coverage has been achieved.
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Figure 3.16

DRIFTS of Cu2(dba)2/silica at copper loadings of (a) 0.73 wt% (b) 1.06
wt% (c) 1.36 wt% (d) 2.64 wt% (e) 3.91 wt% (f) 4.34 wt% and (g)
unsupported Cu2(dba)2. 1440 cm-1 peak is marked by the dashed vertical
line.

Based on the IR and XRD results, the Cu2(dba)2 supported samples can be
classified as follows: (1)  1.36 wt% Cu loadings result in submonolayer coatings; (2)
2.64 wt% Cu loading results in slightly excess monolayer coating; (3) ≥ 3.91 wt% Cu
loadings exist as multilayer coatings. The calculated loading of Cu at completion of a
theoretical monolayer is 2.44 wt% Cu which agrees well with the data presented here.
Electron paramagnetic resonance spectra were recorded for 0.73 wt% Cu and 4.34
wt% Cu Cu2(dba)2/silica samples and for pure Cu2(dba)2 complex in solid state. 0.73 wt%
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was selected to represent a sub monolayer film and 4.34 wt% Cu sample was chosen to
represent a multilayer sample. All of the recorded spectra are given in Figure 3.17. The
unsupported metal complex has a hyperfine structure with four spectral lines in the g
(parallel) region and two spectral lines in the g (perpendicular) region. These spectral
lines suggest that two copper atoms are not electronically coupled to each other.198 In the
sub monolayer sample, spectral lines were significantly broadened due to the low
symmetry of the molecule when interacting with the surface.199 The intensity of the sub
monolayer spectrum is more intense than that of the spectra of metal complex and the
multilayer film. In addition, sub monolayer film shows additional spectral line in the g
parallel region indicating the strong interaction of the metal atoms with the silica support
along the Z axis of the metal ion. The multilayer film has identical spectral lines to that of
the unsupported metal complex. The only difference between the metal complex and the
multilayer film is that the intensity of spectral lines.
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Figure 3.17

The EPR spectra of a) unsupported Cu2(dba)2 b) 0.73 wt% Cu
Cu2(dba)2/silica and c) 4.34 wt% Cu Cu2(dba)2/silica
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The adsorption process of Cu2(dba)2 onto the silica surface was complete within a
few hours. The second surface layer was deposited on the top of adsorbed monolayer.
The conventional method of depositing a second surface layer is by removing the solvent
when the monolayer coverage is complete. These Cu2(dba)2 samples were neither heated
nor had the solvent removed during the Cu2(dba)2 deposition process. Due to the metal
complex-surface interactions of Cu2(dba)2, Cu2(dba)2 is a good complex to mount on
Cab-O-Sil. Moreover, it does not undergo ligand dissociation reactions in CH2Cl2
solutions. Cu2(dba)2 deposits on the surface first as a complete monolayer film and then
forms multilayer films when the solution concentration is increased. Formation of
monolayer and multilayer films were confirmed by XRD and DRIFTS. Finally, it is
concluded that preparation of Cu2(dba)2 monolayer and multilayer films on a silica
support was successful and is expected to result in the desired distribution of metal atoms
on the surface upon calcinations of the films.
3.2.3

Characterization of Silica Supported Co2(dba)2 Complexes
Four Co2(dba)2/silica samples were prepared by stirring 200 mL solutions

containing 40, 60, 80, and 100 mg of Co2(dba)2 complex with 0.5 g of silica. Two
Co2(dba)2/silica samples were prepared by stirring 80 mg and 110 mg of Co2(dba)2 with
0.5 g of silica followed by completely evaporating the solvent slowly at room
temperature to obtained multilayer films.
As described previously, UV-Vis spectroscopy is a valuable analytical tool to
investigate the metal complex deposition from the solution. The UV-Vis spectrum of the
Co2(dba)2 metal solution is shown in graph (a) in Figure 3.18. When the metal complex
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was stirred with silica, the absorption of the solution decreased after 24 h as expected
(shown in Figure 3.18(b)). Both absorption spectra have nearly the same shape before
and after decorating the silica surface. This is a positive indication that unwanted
reactions do not occur during the deposition process. The homologue copper complex of
Cu2(dba)2 showed almost zero absorbance after 24 h when supported on silica. However,
the orange color metal solution did not turn to colorless after 24 h. This result is not
surprising when considering the axial coordination of the cobalt atoms. Cobalt atoms are
either coordinated axially to the water molecules. Coordinated water molecules act as
barriers between the metal atom and the surface of the Cab-O-Sil. When the surface
absorption process takes place, dissociation of this axial ligand occurs in the solution.
This process may occur through equilibrium and can be illustrated as follows.
Co2(dba)2·4H2O + Cab-O-Sil

Co2(dba)2·2H2O/silica + 2 H2O

(3.7)
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Figure 3.18

UV-Vis spectra of a) 1.55 x 10-5 M Co2(dba)2 in CH2Cl2 b) after stirring
the same solution with 0.5 g Cab-O-Sil for 24 h
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Equilibrium favors the forward reaction with increasing concentrations of the
metal solution according to Le Chatelier’s principle. Therefore, the concentration of the
solution was raised to increase the amount of metal complex affixed on the surface. The
maximum amount of complex loading was obtained with 100 mg complex and 0.5 g CabO-Sil.
The absorbance change can be used to calculate the amount of metal complex that
was adsorbed by the Cab-O-Sil after 24 h. For instance, the sample prepared using 40 mg
of Co2(dba)2 and 0.5 g of silica had absorbance values of 0.353 and 0.077 at 380 nm
wavelength before and after decorating the surface, respectively. According to these two
values, the initial absorbance has been decreased by 78% after 24 h of stirring with silica.
This result suggests that a mass of 31.2 mg (40 mg x 0.78) of Co2(dba)2 has been
deposited on the surface after the batch impregnation process. This mass was enough to
decorate the surface with 1.07 wt% cobalt loading. Next, this calculated Co wt% can be
used to estimate the expected carbon wt% on the support surface. For that, the Co wt%
was multiplied by 408/118 (mass of carbon/mass of cobalt in the sample) and the
calculated value equals 3.44 wt% of carbon. Likewise, cobalt and carbon wt% were
calculated for the first four samples. The maximum absorbance peak at 380 nm was
selected for all of the calculations and the calculated values are reported in Table 3.8.
Carbon and cobalt wt% were calculated for the last two samples by using the mass of
cobalt in each sample divided by total mass (mass of metal complex + mass of silica).

96

Table 3.8

Calculated cobalt and carbon weight percentages based on UV-Vis studies.

Mass of Co2(dba)2 used

Mass of silica used

(g)

(g)

0.040

Co%

C%

0.50

1.1

3.4

0.060

0.50

1.6

5.7

0.080

0.50

2.1

7.4

0.10

0.50

2.5

8.7

0.080

0.50

3.1

11

0.11

0.50

3.4

12

Elemental analysis was performed for all supported samples of Co2(dba)2/silica to
determine the cobalt and carbon content. The analytical results are tabulated in Table 3.9.
Cobalt wt% values obtained from elemental analyses closely agree with the values
calculated using data extracted from the UV-Vis spectra (Table 3.8 and 3.9). Elemental
analyses results for cobalt were used to calculate the expected carbon wt%. These
calculated carbon wt% values were compared with the carbon wt% values obtained from
elemental analysis to determine whether the ligand stayed intact on the surface after
coordination. The calculated and experimental values are shown in Table 3.9.
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Table 3.9

Elemental analyses of silica supported Co2(dba)2. The calculated carbon
weight percentages are shown in third column.
Co wt%

C wt%

Calculated C wt%

1.19

3.87

4.11

1.67

5.38

5.77

2.09

7.03

7.22

2.71

9.37

9.37

3.02

10.3

10.4

3.34

11.4

11.5

In the first three samples, the experimental carbon percentage values are slightly
less than the calculated carbon weight percentage values. The carbon weight percentage
values of the last three samples are in good agreement with the calculated carbon
percentages. These results confirm the retention of dba ligands on the surface after
adsorption.
Thermal decomposition of the supported and unsupported samples were studied
by temperature programmed TGA. The pure metal complex Co2(dba)2 decomposes and
shows weight changes as shown by the wt% vs temperature data (Figure 3.19). The first
weight change occurs with 27% weight change. This weight change is equal to the weight
loss expected for losing water molecules from the Co2(dba)2 complex. The second weight
loss is 34 wt%. This weight change can be attributed to the loss of ligands from the metal
complex leaving four hydroxyl groups connected to each cobalt atom in the molecule.
The final weight change appears with the loss of all hydroxyl groups with the formation
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of two cobalt oxides. These oxygen atoms can be considered as bridging oxygen atoms
between the two cobalt atoms. The overall stoichiometry can be expressed as follows.
Co2(dba)2·4H2O

2 CoO + volatiles

(3.8)
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Figure 3.19

TGA trace for Co2(dba)2.4H2O

Weight percent versus temperature curves for silica supported Co2(dba)2 are
shown in Figure 3.20. All of the supported samples follow the above stoichiometry and
calculated and observed weight changes are shown in the Table 3.10 and Figure 3.20.
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Figure 3.20

TGA of supported samples of Co2(dba)2 a) 1.19 wt% (b) 1.67 wt% (c) 2.09
wt% (d) 2.71 wt% (e) 3.02 wt% and (f) 3.34 wt%

The actual weight loss of each sample prepared using Co2(dba)2 was compared
with the cobalt content (wt%). The expected weight loss was calculated using the
following stoichiometry.
Co2(dba)2·2H2O/silica

100

2 CoO/silica + volatiles

(3.9)

Table 3.10 Calculated and experimentally found % weight loss of Co2(dba)2/silica from
TGA.
Co%

Experimental weight loss (%)

weight loss Calculated (%)

1.09

7.30

7.01

1.67

8.20

8.02

2.09

10.8

10.0

2.71

12.1

12.1

3.02

17.8

14.9

3.34

21.9

16.5

The experimentally observed weight loss is slightly higher than that of the
calculated values due to the formation of 2 CoO/silica. The higher weight loss is possible
with the weight loss accounted for silica gel. The silica gel itself shows < 1.5 wt% above
105˚C. The last two samples show 2%-4% excess weight loss which may be attributed to
the weight loss from silica or absorbed moisture.
Figures 3.21 and 3.22 displays the DRIFTS spectra of unsupported Co2(dba)2 and
silica supported Co2(dba)2 with different cobalt loadings. The –OH vibrations from
silica/water appeared from 3500 cm-1 to 3000 cm-1 in all supported samples as well as in
the pure Co2(dba)2. In the DRIFTS spectra, significant differences between the
unsupported and supported Co2(dba)2 samples were observed in the region from 800 to
1600 cm-1. In all supported Co2(dba)2/silica samples, a broad intense band was apparent
in the region of 1000-1200 cm-1. This peak can be assigned to the Si-O vibration. Broad
peaks were apparent from 1250 to 1600 cm-1 in the samples containing metal loadings ≤
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2.04 wt% cobalt. In the 2.04 wt% cobalt sample, a small sharp peak appears at 1600 cm-1.
The intensity of this IR band increases as metal loading increases. The same peak was
apparent in the pure metal complex which can be assigned to the C=O stretching
vibration. In addition, several other peaks at 1560, 1390, 953, and at 801 cm-1 started to
appear above 2.71 wt% cobalt loadings. Therefore, it can be concluded that the
monolayer coverage is completed between 2.04 wt% to 2.71 wt% cobalt loadings. The
observation agrees well with the theoretically predicted monolayer coverage of 2.07 wt%
cobalt loading.
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Figure 3.21

DRIFTS spectra of silica supported Co2(dba)2 a) 1.09 wt% Co b) 1.67 wt%
Co c) 2.09 wt% Co e) 2.71 wt% Co f) 3.02 wt% Co and g) 3.34 wt% Co
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Figure 3.22

DRIFTS of unsupported Co2(dba)2·4H2O

The Co2(dba)2·4H2O metal complex is amorphous and does not show XRD
diffraction patterns. As a result, monolayer and multilayer film formations were unable to
be determined by XRD. However, DRIFTS results produced satisfactory results to
determine monolayer and multilayer film formation on the silica surface.
The deposition of Co2(dba)2 metal complex onto silica surfaces takes place in
CH2Cl2 solutions. Cobalt weight percentages on the surface could be increased with
increasing concentrations of the metal solution. However, the deposition of the second
layer did not occur spontaneously in CH2Cl2 solutions. Therefore, the second layer was
forced to deposit by slowly evaporating the solvent.
This process is different from the Cu2(dba)2/silica deposition process. The
difference can be explained by the coordination geometry around the copper and cobalt
atoms. Copper atoms are tetracoordinate in weak coordinating solvents such as CH2Cl2
solutions. Therefore the copper complex is less sterically hindered along the Z axis. On
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the other hand, cobalt is hexacoordinate and axial positions are occupied by water
molecules. These axial ligands may not allow the dba ligands to interact with an
adsorbed monolayer film in solutions to undergo the second layer deposition process.
During the Co2(dba)2/silica preparation process, the ligands of the Co2(dba)2
complex stay intact in the metal complex. As a result, the Co2(dba)2 complex does not
lose any of its coordinated ligands. This was confirmed by TGA and elemental analysis.
The silica surface is completely covered with Co2(dba)2 complex above 2.09 wt% of Co
loadings. Therefore, silica supported Co2(dba)2 monolayer films have the desired
dispersions of metal atoms on the surface upon calcination. It is expected that after
calcination, these silica supported Co2(dba)2 complexes will be suitable catalysts for
heterogeneous catalysts for FT synthesis. The catalytic activity of these supported metal
complexes will be discussed in section 4.3.
3.2.4

Characterization of Silica Supported CuCo(daaen) Complexes
A series of silica supported CuCo(daaen) complexes were prepared and

characterized using the same techniques reported in section 3.2.3. Several
CuCo(daaen)/silica samples were prepared for the current study. As described previously,
the metal complex was dissolved in CH2Cl2 and stirred with Cab-O-Sil for 24 h. Two
UV-Vis spectra were recorded before adding silica and after stirring with silica for 24 h.
The CuCo(daaen) complex shows two strong absorption bands in the UV-Vis
region as shown in spectrum (a) in Figure 3.23. When a solution of CuCo(daaen) is
stirred with silica, the absorption is decreased (spectrum (b) in Figure 3.23). After stirring
with silica, the metal solution does not produce unusual UV bands as occurred with
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Cu2(daa)2 (section 3.1). Therefore, it is noteworthy that the CuCo(daaen) complex does
not lose its coordinated ligands.

Absorbance
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Figure 3.23

UV-Vis of spectra of (a) 5.2 x 10-5 M CuCo(daaen) in CH2Cl2 (b) after
stirring the metal solution with 1 g of silica for 24 h.

The mass of CuCo(daaen) and silica used to obtain the spectra in Figure 3.23
were 55 mg and 1 g, respectively. After 24 h of stirring, the absorption of CuCo(daaen)
complex decreased by 92%. As a result, 51 mg of CuCo(daaen) was deposited on the
silica surface. This mass corresponds to 0.72 wt% copper and 0.67 wt% cobalt loadings.
A similar approach was used to calculate the metal loadings of copper and cobalt on other
samples based on UV-Vis experiments. The metal loadings obtained from UV-Vis
experiments are summarized in Table 3.11.
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Table 3.11 Copper and cobalt metal weight percentages obtained from UV-Vis
experiments
Mass of metal

Mass of silica (g)

wt% Cu

wt% Co

0.055

1.0

0.72

0.67

0.090

1.0

1.1

1.1

0.20

1.0

2.3

2.1

0.25

1.0

2.8

2.6

0.32

1.0

3.4

3.1

complex (g)

Cobalt and copper wt% were determined experimentally by atomic absorption
spectroscopy. Adsorbed CuCo(daaen) complexes were digested in conc. H2SO4/HNO3
(1:1) mixture to obtain cobalt and copper species in solution. After diluting the acid-metal
solution with deionized water, atomic absorption studies were performed. The
experimental metal wt% values found by atomic absorption spectroscopy are given in
Table 3.12.
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Table 3.12 Atomic absorption analysis results of silica supported CuCo(daaen)
Mass of metal

Mass of silica

wt% Cu

wt% Co

complex (g)

(g)

0.055

1.0

0.75

0.66

0.090

1.0

1.2

1.1

0.20

1.0

2.5

2.2

0.25

1.0

2.9

2.7

0.32

1.0

3.5

3.1

Theoretically, a 1:1 mole ratio of copper to cobalt is expected, but in the current
study, a 1:0.96 mole ratio was observed. These slight variations may be from the strong
coordination ability of cobalt. Generally, cobalt forms hexacoordinate metal complexes.
Therefore, cobalt may interact to a greater extent with the silica surface than copperand
all of the cobalt atoms may have not been extracted by the acid solution. A similar
behavior has been reported previously when supporting Cu(TMDE)Co(CO)4 complex on
silica.72 By atomic absorption spectroscopy, the authors found a Co/Cu ratio of 0.94.
The pure CuCo(daaen) complex was thermally decomposed in a helium
atmosphere to determine the total weight loss. The percent weight change with
temperature is illustrated in Figure 3.24. The metal complex shows two weight changes.
The first weight loss occurs from 100˚C to 350˚C with a 29% weight change. The second
weight change occurs above 350˚C with a 30% change.
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Figure 3.24

TGA for CuCo(daaen) metal complex

The TGA curves of supported samples are presented in Figure 3.25. All of the
samples start decomposing above 100˚C.
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Figure 3.25

TGA of silica supported CuCo(daaen) at copper loadings of (a) 0.75 wt%
(b) 1.22 wt% (c) 1.95 wt% (d) 2.53 wt% (e) 2.98 wt% and (f) 3.46 wt%
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The expected total weight loss of all supported samples was calculated using the
copper wt% determined by atomic absorption spectroscopy. Calculations were performed
assuming the formation of CuOCoO of supported samples after thermolysis. These values
are tabulated in Table 3.13.

Table 3.13 Total weight loss observed in TGA and calculated values based on UV-Vis.
Cu wt%

Total weight loss

Total weight loss found by

calculated (%)

TGA (%)

0.75

3.22

4.8

1.21

5.26

6.8

2.53

10.8

12.1

2.98

12.7

13.8

3.46

14.8

16.4

Observed weight changes were slightly higher than the calculated values. The
silica support itself shows < 1.5 wt% change above 105˚C in TGA. Therefore, the excess
weight change occurring in supported CuCo(daaen) can be accounted for by the weight
loss occurring from the silica surface above 105˚C.
The DRIFTS spectrum of the CuCo(daaen) complex is shown in Figure 3.26. The
metal complex has several IR vibrations in the 850 to 1650 cm-1 range and the
assignments of all vibration peaks can be summarized as shown below. In samples with
copper loadings ≥ 0.75 wt%, the IR vibration bands of CuCo(daaen)/silica are broad and
weak. Above 2.53 wt% copper loadings, IR peaks become intense at 1545, 1505, and
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1405 cm-1. DRIFTS spectra of 2.53, 2.98 and 3.46 wt% are similar to the pure metal
complex of CuCo(daaen).
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Figure 3.26

DRIFTS of CuCo(daaen)/silica at copper loadings of a) 0.75 wt% b) 1.21
wt% c) 2.53 wt% d) 2.98 wt% e) 3.46 wt%

These bands can be attributed to the vibrations occurring from multilayer films. A
sharp intense peak was apparent at 1050 cm-1 from the Si-O vibrations. The intensity of
all peaks above 2.53 wt% Cu loadings was increased with increasing metal loadings on
the silica surface.
The supported and unsupported CuCo(daaen) samples were examined by XRD.
Neither the CuCo(daaen) complex nor the CuCo(daaen)/silica samples produced XRD
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patterns in powder XRD experiments. These results suggest that both CuCo(daaen)
complex and supported metal complexes are amorphous.
The CuCo(daaen) metal complex was successfully supported on Cab-O-Sil as sub
monolayer, monolayer, and as multilayer films by increasing the concentration of the
metal complex in CH2Cl2 solution. The metal complex deposition process is spontaneous
at room temperature. TGA and elemental analysis results confirm the retention of daaen
ligands upon absorption with the surface. The monolayer film formations were completed
between 1.21 to 2.53 wt% Cu loadings. This observation is close to the theoretically
predicted value of 2.44 wt% It is expected that activated CuCo(daaen)/silica materials are
active catalysts for higher alcohol synthesis. The catalytic activity of these supported
homo- and heterobinuclear metal complexes will be discussed in detail in Chapter 4.
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CHAPTER IV
CATALYTIC REACTIONS

This chapter is divided into three main sections. The catalytic activity of catalysts
prepared from Cu2(dba)2/silica for methanol synthesis is reported in section 4.1. The
activity of the same catalyst for methanol decomposition reaction is described in section
4.2. Section 4.3 includes a discussion of FT synthesis performed by catalysts prepared
from Co2(dba)2/silica, Co2(daa)2/silica, and CuCo(daaen)/silica.
4.1

Methanol Synthesis Reaction with a Monolayer Film of 3.70%
Cu/silica[Cu2(dba)2] Catalyst
Atomic absorption spectroscopic analyses of copper in Cu2(dba)2/silica and

commercial catalyst gave 3.20 wt% and 41.2 wt% Cu, respectively. The amount of
copper in the commercial catalyst is approximately thirteen times higher than that of the
3.20% Cu/silica[Cu2(dba)2]catalyst. The metal loading of 3.20 wt% copper of the
Cu2(dba)2/silica precatalyst is slightly above that required for a theoretical, monolayer
coverage of the Cu2(dba)2 on the silica: 2.64 wt% copper (Table 1.1). For this study, the
3.20 wt% copper loaded sample was used to insure that the silica surface was completely
covered with Cu2(dba)2 complex.
TGA analysis showed that the organic ligands of Cu2(dba)2/silica is completely
decomposed at 450oC. Therefore, the Cu2(dba)2/silica catalyst was heated to 450oC to
remove the organic ligands. After calcination, precatalyst had a new wt% of 3.70. The
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calcined catalyst is denoted as 3.70% Cu/silica[Cu2(dba)2]. After thermolysis, the 3.70%
Cu/silica[Cu2(dba)2] catalyst and the commercially-available methanol synthesis catalyst
was characterized by XRD. The XRD patterns of these catalysts are depicted in Figure
4.1. For the 3.70% Cu/silica[Cu2(dba)2] catalyst, the peaks corresponding to CuO are
clearly apparent, and two peaks were observed with 2θ values at 35.34 and 38.60o.78,200
The presence CuO peaks confirm the complete removal of organic ligands from the
supported Cu2(daa)2 complex as well as presence of copper atoms in the +2 oxidation

Intensity (a.u.)

state.
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(b)
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Figure 4.1

XRD patterns of a) 3.70% Cu/silica[Cu2(dba)2] catalyst after reduction with
H2 b) supported 3.70% Cu/silica[Cu2(dba)2] catalyst after calcinations and
c) commercial catalyst after calcinations in air at 450oC.

However, the commercial catalyst showed peaks characteristic for copper metal,
2θ = 36, 43, and 51o and an unresolved broad peak from 34o to 39o which may arise from
ZnO.78 The commercial catalyst does not show any evidence for the existence of the Cu2+
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oxidation state after calcinations. The 3.70% Cu/silica[Cu2(dba)2] catalyst and the
commercial catalyst were then reduced with hydrogen. Cu metal particles were detected
as shown in Figure 4.1. The proposed structure of the new catalyst after reduction with
hydrogen is shown in Equation 4.1. The copper atoms of the monolayer do not move on
the surface while the copper atoms in the second layer agglomerate to form relatively big
copper particles which are large enough to develop a XRD difractogram as shown in
Figure 4.1.

Figure 4.2

4.1.1

Activation of Cu2(dba)2/silica catalyst

Methanol Synthesis Reaction
Activated catalysts were evaluated for the methanol synthesis reaction at 250oC in

a stirred batch reactor. Isothermal, batch reactor data were obtained for the commercial
catalyst and the 3.70% Cu/silica[Cu2(dba)2] catalyst.
The synthesis of methanol obeys the following stoichiometric equation:201
CO + 2 H2

CH3OH

(4.1)

with a rate expression as follows:
rMeOH = k1[PCOPH2
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2

-

K-1PMeOH]

(4.2)

Besides this synthesis reaction, the methanol can decompose to form other
products: 201
2 CH3OH  CH3OCH3 + H2O

(4.3)

r2 = k2 (PMeOH)2

(4.4)

CO + H2O

CO2 + H2

(4.5)

r3 = k3 (PCOPH2O - K-1PH2PCO2)

(4.6)

2 CH3OH  CH3OCHO + 2 H2

(4.7)

r4 = k4 (PMeOH)2

(4.8)

CH3OCHO  CO2 + CH4

(4.9)

r5 = k5 PCH3OCHO

(4.10)

The batch reactor was used to attain high conversions but data at low conversions
(<20%) will be applied to determine the rate constants of the main synthesis reaction, Eq.
4.2. Using this equation and limiting the analysis to low conversion data for which the
other reactions will be at low reaction rates, the total pressure in the reactor can be related
to the fractional conversion (f) of the limiting reactant. For the present case, the reacting
gas was equi-molar in CO and H2 with H2 being the limiting reactant.
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Figure 4.3

Relative Pressure vs. Time. a) 3.70% Cu/silica[Cu2(dba)2] catalyst b)
Cu/ZnO/Al2O3 commercial catalyst having 41.20 wt% Cu. 5 g of each
catalyst, pre-reduced at 240oC in 2 mol% of H2 at a total pressure of 500
psi. Catalyst pellets were average size 3-4 mm; stirrer rotational speed =
200 min-1.

This raw data show that the commercial catalyst is more reactive on a bulk weight
basis than the Cu/silica[Cu2(dba)2] catalyst. The Cu metal loadings and dispersions may
be much different as well as the specific surface area of the support of the two catalysts.
The data should be systematically examined in more detail accounting for the differences
in the two catalysts. This pressure data was converted to formation of methanol at time t,
using the following relationship.

At low conversions, the Eq. 4.3 can be written as follows.
2

r MEOH = kPCO PH

2
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(4.11)

CO + 2 H2

CH3OH

Total Pressure

t=0

x

x

-

2x = P0

t= t

x-y

x-2y

y

2x - 2y = PT

Where, x is the initial partial pressure of CO and H2, y is the methanol yield at time t.
r MEOH = dy/dt

(4.12)

k = r MEOH /( PCO. PH 2)
2
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(4.13)
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335
300

Pco

430
410
400
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370

Pco

Kinetic data for 3.70 % Cu/silica[Cu2(dba)2]

Pressure
(psig)

Table 4.1

15
12
11
8.7
8.1
4.6

PH22
(x104)

18.4
15
14
11
9.6

PH22
(x104)

57
43
37
30
27
14

Pco x PH2
(x106)

80
62
55
41
36

Pco x PH2

(x106)

50
40
34
28
21

Average
Pco x PH22
(x106)

Average
Pco x PH22
( x106)
71
59
48
38

9.94
5.74
8.94
3.26
8.52

k (10-7)

3.5
1.8
2.4
1.2

k
(x10-8)

Average rate constant of 3.70% Cu/silica[Cu2(dba)2] catalyst and the commercial
catalyst less than 15% relative pressure change is 2.23 x 10-8 psig-2 h-1 and 7.28 x 10-7
psig-2 h-1. When these rate constants are divided by their masses, the new rate constants
are 1.21 x 10-7 psig-2 h-1 g-1 and 3.5 x 10-7 psig-2 h-1 g-1. This comparison shows that the
commercial catalysts is much more active for methanol synthesis than the 3.70%
Cu/silica[Cu2(dba)2] catalyst.
4.2

Methanol Decomposition Reaction
Methanol decomposition was performed using the above catalysts in a batch

reactor. For each run, 15 g of methanol was deposited in the batch reactor with 10 g of
commercial catalyst. The reactor was heated from temperature to 220˚C and progress of
the methanol decomposition reaction was monitored by measuring the total pressure in
the reactor at 220˚C as a function of time. This procedure was repeated with 15 g of
methanol and 5.0 g of 3.70% Cu/silica[Cu2(dba)2] catalyst. The relative pressure increase
with time is shown in Figure 4.3.
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Figure 4.4

Relative Pressure vs. Time a) 3.70% Cu/silica[Cu2(dba)2] catalyst: 5 g
catalyst, initial pressure = 10 psig, rapid heating to reaction temperature =
220oC, initial methanol = 15 g, final methanol = 12 g. b) commercial
catalyst: 10 g catalyst, 41.20 wt% Cu, and initial pressure = 10 psig, rapid
heating to reaction temperature = 220oC, initial methanol = 15 g, final
methanol = 9 g.

Initially the relative pressure changes are very similar, but the 3.70%
Cu/silica[Cu2(dba)2] catalyst shows a lower final conversion of methanol than the
commercial catalyst. The equilibrium conversion at this temperature shows some kinetic
limitation is preventing the 3.70% Cu/silica[Cu2(dba)2] catalyst from realizing the
equilibrium conversion that was attained by the commercial catalyst. Fractional
conversion of methanol can be written as,
f = (n0MEOH – nMEOH)/n0MEOH

(4.14)

nMeOH = noMeOH (1-f); nCO = f noMeOH; nH2 = 2f noMeOH

(4.15)

nT = noMeOH (1-f) + f noMeOH + 2f noMeOH

(4.16)

nT = (1+2f) noMeOH

(4.17)
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nT/n0MEOH = (1+2f)

(4.18)

f = ( nT/noMEOH - 1)/2

(4.19)

Using the ideal gas law, isothermal reactor data can relate total moles to total
pressure as follows:
noMEOH = PMEOH0V/(RT) and nT = PTV/(RT)

(4.20)

nT /nMEOH0 = PT/PTo

(4.21)

Using the ideal gas law, fractional conversion of MeOH can be related to total
pressure as follows:
f = (PT/PTo- 1)/2

(4.22)

Figure 4.4 shows the methanol fractional conversion data when plotted versus the

Fractional Conversion of Methanol

reaction time x mass of Cu in the sample.
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Figure 4.5

Partial conversion of methanol x time mass of Cu a) 3.70%
Cu/silica[Cu2(dba)2] catalyst b) commercial catalyst
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If these data are restricted to fractional methanol conversions’ < 0.2, it appears
that the initial conversion rates are very similar. The initial reaction rates are the same
for the two catalysts. The data in Figure 4.4 show that the initial reaction rates are similar
when expressed specific to the mass of Cu in the two samples.
For a quantitative evaluation of the specific activities between the two catalysts, a
rate law must be chosen. Methanol decomposition reaction also obeys all of the equations
explained above for the methanol synthesis except equation (1). This equation can be
rewritten as follows, 201
CH3OH

CO + 2 H2

(4.23)

-rMeOH= k1[PMeOH- K-1PCOPH22]

(4.24)

with a rate expression as follows:

The rate of methanol decomposition is proportional to the partial pressures of
CH3OH for the forward reaction and inversely proportion to the partial pressures of CO
and H2 for the reverse reaction. At low conversion, the reverse reaction will be negligible,
such that these kinetics can be approximated with first-order, irreversible kinetics. The
integrated rate equation for an isothermal batch reactor will be,
ln(1-f) = -kt

(4.25)

Figure 4.5 shows the data plotted assuming that first order; irreversible kinetics can be
used to model the reaction dynamics at low fractional conversion of methanol (< 0.15).
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Figure 4.6

Integrated rate plots a) 3.70% Cu/silica[Cu2(dba)2] catalyst b) commercial
catalyst

From the slope it was found that the rate constant for commercial catalyst is 1.87
x 10-1[min g Cu]-1 and 3.70% Cu/silica[Cu2(dba)2] catalysts is 1.42 x 10-1[min g Cu]-1.
These rate constants suggest that the commercial catalyst and the 3.70%
Cu/silica[Cu2(dba)2] catalyst have very similar reaction rates at low methanol
conversions. It is interesting to compare the initial conversion rates (Table 4.1, 4.2 and
Figure 4.5) for the two catalysts between the two reactions: MeOH synthesis and MeOH
decomposition (Table 4.3).

123

Table 4.3

Comparison of apparent initial conversion rates between 3.70%
Cu/silica[Cu2(dba)2] and commercial catalysts
Methanol synthesis

MeOH decomposition

reaction

reaction

(x 10-7 psig-2 h-1 g-1)

(min-1 g-1)

3.70% Cu/silica[Cu2(dba)2]

1.21

0.0096

Commercial Catalyst

3.5

0.146

Catalyst

These data show that the MeOH synthesis reaction is much slower than the
MeOH decomposition reaction for both catalysts.
After finishing the methanol decomposition reactions, gas samples were collected
from the batch reactor and analyzed by GC-MS. The commercial catalyst produced
carbon monoxide as the only carbon products in GC/MS analysis while the 3.70%
Cu/silica[Cu2(dba)2] catalyst gave 29% carbon monoxide and 1.8% carbon dioxide by
volume. The formation of carbon dioxide suggests that the water gas shift reaction has
occurred during the methanol decomposition reaction due to the presence of water
contamination in methanol. These results suggest that the 3.70% Cu/silica[Cu2(dba)2]
catalyst has slightly different product selectivity in the methanol decomposition reaction.
While the catalyst characterizations shown before were illuminating, it is important to
characterize the catalysts by XRD after the reaction studies to determine, what changes, if
any, were brought about by the pretreatment in H2, and followed by the subsequent
reactions.

124

4.2.1 Characterization of the Catalysts after Methanol Synthesis and
Decomposition Reactions
The catalysts were characterized by XRD after methanol synthesis and

Intensity (a.u.)

decomposition reactions. The observed XRD patterns are shown in Figure 4.6.
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Figure 4.7

XRD patterns of a) 3.70% Cu/silica[Cu2(dba)2] catalyst after methanol
synthesis reaction b) 3.70% Cu/silica[Cu2(dba)2] catalyst after methanol
decomposition reaction c) commercial catalyst after methanol
decomposition and d) commercial catalyst after methanol synthesis.

The 3.70% Cu/silica[Cu2(dba)2] catalysts show identical XRD patterns after
methanol synthesis and decomposition reactions. Two peaks are visible corresponding to
Cu(111) and Cu(200).72,202 For the commercial catalyst, copper metal peaks were
observed at same positions but were more intense than the peaks for the 3.70%
Cu/silica[Cu2(dba)2] catalysts because of the higher copper content (41 wt% vs. 3.2 wt%
Cu). During the reduction with 2% H2, surface CuO particles of the 3.70%
Cu/silica[Cu2(dba)2] catalyst turned to copper metal (Figure 4.1a). Appearance of peaks
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for copper metal particles after methanol synthesis and decomposition reactions confirms
the retention of the zero oxidation state for copper during the reaction. Based on these
XRD results it can be concluded that each reaction occurs on Cu metal surface.
TEM analyses of 3.70% Cu/silica[Cu2(dba)2] and commercial catalyst were
performed before and after methanol synthesis reactions to identify the copper particles.
The TEM images are shown in Figure 4.7. Copper particles which were detected by XRD
experiments were unable to be identified from TEM images due to the poor resolution of
TEM.
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Figure 4.8

TEM images of (a) 3.70% Cu/silica[Cu2(dba)2] catalyst before methanol
decomposition reaction. (b) 3.70% Cu/silica[Cu2(dba)2] catalyst after
methanol decomposition reaction. (c) Commercial catalyst
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Characterizing the 3.70% Cu/silica[Cu2(dba)2] catalysts showed that the samples
having an initial loading of complex just greater than monolayer loading (2.6 wt% Cu)
would organize into a bilayer that developed an XRD pattern similar to the
polycrystalline, unsupported metal complex. When this sample was calcined, (Figure 4.1)
an XRD spectrum was observed showing small crystals of CuO. This result was not
unexpected based upon the work of Kenvin160 who demonstrated the same result for
supported Cu(acac)2/silica. Consequently, the current study was able to prepare supported
CuO/silica to test as new catalysts for the MeOH synthesis and decomposition reactions
having a low loading of Cu (3.20 wt%).
4.3

Fisher-Tropsch Synthesis
After calcinations, silica supported Co2(dba)2, Co2(daa)2, and CuCo(daaen)

catalysts were evaluated for FT synthesis. This section describes the results of FT
reactivity studies.
4.3.1

FT Reactions Studies in a Batch Reactor
For the current study, three Co/silica[Co2(dba)2] catalysts, one

Co/silica[Co2(daa)2] catalyst, and one CuCo/silica[CuCo(daaen] catalyst were prepared.
The Co/silica[Co2(dba)2] catalysts were prepared as follows. First Co/silica[Co2(dba)2]
was prepared by supporting 1.0 g of Co2(dba)2 on 5.0 g of silica. The cobalt metal
loading of this sample was 3.0 wt% Co and it is slightly above a monolayer coverage.
The same procedure was repeated using 2.0 g of Co2(dba)2 and 10.0 g of silica to obtain
the second catalyst. This catalyst was evaluated for the synthesis of liquid hydrocarbons
using the FT reaction by exposing the catalyst to syngas for an extended period of time.
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The third catalyst, Co/silica[Co2(dba)2] catalyst, was prepared by utilizing 1.90 g of
Co2(dba)2 and 5.0 g of Cab-O-Sil. The metal loading of this catalyst was 5 wt% Co.
The Co2(daa)2/silica monolayer catalyst was synthesized using 1.0 g of Co2(daa)2
and 5.0 g of silica. The resulting catalyst has 5 wt% Co. 0.87 g of CuCo(daaen) was
deposited on 5.0 g of silica to synthesize a CuCo/silica[CuCo(daaen]. The resulting
catalyst contained 1.92 wt% Cu and 1.81wt% Co.
All of the catalysts were calcinated before being used for the FT reaction. Metal
wt% of each catalyst increases after thermolysis due to the loss of organic ligands. The
calcined catalysts are denoted as x% Co/silica[y]. x is the cobalt wt% loadings and y is
the identity of the catalyst precursor. After calcinations, Co wt% of each catalysts were
3.5% Co/silica[Co2(dba)2], 6.7% Co/silica[Co2(dba)2], 5.5% Co/silica[Co2(daa)2], and
2.3% Co/silica[CuCo(daaen)].
3.5% Co/silica[Co2(dba)2] and 6.7% Co/silica[Co2(dba)2] catalysts were examined
to determine how the Co loading on the catalysts influenced the reactivity of the catalyst.
5.0 g of each catalyst was placed in a batch, stirred autoclave and used for the FT reaction
at 350˚C. The feed gas was equimolar CO and H2. The reaction progress was monitored
by the total pressure in the reactor as a function of time.
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Figure 4.9

Relative pressure vs. time a) 3.5% Co/silica[Co2(dba)2] monolayer catalyst
b) 6.7% Co/silica[Co2(dba)2] multilayer catalyst

Relative pressure (P/Po) versus time was plotted for each catalyst (Figure 4.8).
This comparison shows the relative high activity of the multilayer catalyst over the
monolayer catalysts. It must be remembered that the monolayer catalyst contained 52%
of the Co compared to the multilayer catalyst. This difference will be included in further
analysis. Moreover, the multilayer catalyst appears to achieve complete reaction after
only 16 hours as the last two data points have the same pressure (Table 2.7). The data can
be analyzed assuming that the overall stoichiometry is the same as that for forming
methane:
CO + 3 H2  CH4 + H2O

(4.26)

The actual stoichiometry will require somewhat less hydrogen as shown by the
following balanced reaction to form an alkane of n carbon atoms:
n CO + (2n+1) H2  CnH2n+2 + n H2O
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(4.27)

Using the stoichiometry from equation (4.24), the expression for fractional
conversion of carbon monoxide versus time can be written as follows. The starting partial
pressures of CO and H2 are equimolar.
nCO = nCOo- nCOofCO

(4.28)

nH2 = nH2o – 3nCOofCO

(4.29)

nCH4 = nCOofCO

(4.30)

nH2O = nCOofCO

(4.31)

When the initial total pressure is twice the initial partial pressure of CO, then this
stoichiometry is related to the total pressure as a function of time by the following
equation:
nT = nCO + nH2 + nH2O + nCH4

(4.32)

nT = nCO0-nCOfCO + nH20-3nCO0fCO + nCO0fCO + nCO0fCO

(4.33)

nT = nCO + nH20 – 2nCO0fCO

(4.34)

nT = nT0 – nT0fCO

(4.35)

nT0fCO = nT0 – nT

(4.36)

fCO = (1 - nT/nT0)

(4.37)

using ideal gas equation,
nT0 = PT0V/(RT)

(4.38)

nT = PTV/(RT)

(4.39)

nT/nT0 = PT/PT0

(4.40)

f = 1-P/Po

(4.41)
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Where f is the fractional conversion of CO and P and P0 are the pressures of the
reactor at time t and time zero, respectively. The product of the time and moles of Cobalt
in the sample is given by moles of cobalt x reaction time. These transformed data are
plotted in Figure 4.9. In addition, the kinetics was assumed to be first order in CO and
zero order in hydrogen. This assumption was for the convenience of reducing the data for
analysis. It is still clear that the reaction is much faster over the multilayer catalyst than
for the monolayer catalyst. Since the total pressure of the multilayer catalyst didn’t
change between 16 h and 17 h, the FT reaction goes to completion over the multilayer
catalyst. It can be assumed that the data are diffusion limited at larger conversions (>
0.2).
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Figure 4.10

Conversion rates of CO with time moles of cobalt a) 3.5%
Co/silica[Co2(dba)2] monolayer catalyst b) 6.7% Co/silica[Co2(dba)2]
multilayer catalyst
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This analysis of the data produces a linear, first order plot and affords a
comparison of the rate constants between the two catalysts. Thus, the rate constant for the
multilayer catalyst is 0.235 g-1 h-1 whereas the rate constant for the monolayer can be
deduced using all of the data and is equal to 0.0144 g-1 h-1. The multilayer catalyst is 16
times as active as the monolayer catalysts. These data take into account the differences in
weight loadings between the two catalysts: 3.5 wt% and 6.7 wt% for the monolayer and
multilayer catalysts, respectively. This result is to be expected from a catalyst that has
larger cobalt species where the reaction demands a certain minimum ensemble size for it
to precede at a fast rate.
This large difference in the rate constants suggest that the FT reaction is structure
sensitive in that the reaction rate depends upon the size of the Co species. Additional
examination of the two catalysts will show if the multilayer catalyst has formed small
crystallites of Co (Figure 4.16).
The same calculations can be used to estimate the rate constants for 5.5%
Co/silica[Co2(daa)2] catalysts. The relative pressures vs. time data are shown in Figure
4.10.
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Figure 4.11

Relative pressure vs. time moles of cobalt a) 5.5% Co/silica[Co2(daa)2]
catalysts b) 2.3% Co/silica[CuCo(daaen)] catalyst

The next catalyst to be tested was derived from monolayer loadings of the
CuCo(daaen) metal complex (relative pressure vs. time is given in Figure 4.10. The
loadings of Co in this sample was 2.3 wt% Co. Kinetic data of 2.3%
Co/silica[CuCo(daaen)] catalyst were treated in the same way and are shown in Figures
4.10 and 4.11.
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Figure 4.12

Conversion rates of CO with time a) 5.5% Co/silica[Co2(daa)2] catalysts b)
2.3% Co/silica[CuCo(daaen)] catalyst

The 5.5% Co/silica[Co2(daa)2] monolayer catalyst has more well dispersed pairs
of cobalt atoms in close distances than the 3.5% Co/silica[Co2(dba)2] monolayer catalyst
(3.5 wt% Co vs. 5.5 wt% Co and daa ligand vs. dba ligand). The reaction rate has
increased in 5.5% Co/silica[Co2(daa)2] catalyst by 2.4 times. The comparison of 5.5%
Co/silica[Co2(daa)2] monolayer catalyst vs 6.7% Co/silica[Co2(dba)2] multilayer catalyst
shows that multilayer Co/silica[Co2(dba)2] catalyst is 6.7 times more active than the 5.5%
Co/silica[Co2(dba)2] monolayer catalyst.
The CuCo/silica[CuCo(daaen)] catalysts show higher catalytic activity compared
to the Co/silica[Co2(dba)2] and Co/silica[Co2(daa)2] monolayer derived catalysts. This
can be attributed to the effect of the Co and Cu located in a close reactive distance. The
rate constants are given in Table 4.4.
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Table 4.4

Carbon monoxide conversion rate constants for different catalysts
CO conversion rate
Catalyst

(x 10-2 k, g-1 h-1)

3.5% Co/silica/[Co2(dba)2] monolayer

1.44

6.7% Co/silica[Co2(dba)2] multilayer

23.5

5.5% Co/silica[Co2(daa)2] monolayer

3.50

2.3% Co/silica[CuCo(daaen)]

12.8

The main objective of these kinetic studies was to compare the reactivity between
each catalyst. Since the product distribution was dominated by methane, the methane
forming reaction (eq. 4.18) was used for all of the kinetic studies. But in actuallity
various other reactions are occurring simultaneously. For example, water gas shift
reaction, long chain alkanes and alkenes forming reactions, and oxygenate forming
reactions are also occurring. Therefore, the rate constants of each catalytic reaction do not
necessarily represent their true FT rate constants.
After each catalytic reaction, gas samples were collected and analyzed by GC and
GC-MS. GC-MS analyses of the gas phase products of all catalytic reactions are
summarized in Table 4.5. The monolayer catalyst derived from Co2(dba)2/silica showed
14% pressure change after 62 h (Table 2.4). This catalyst produced small quantities of
carbon dioxide, methane, ethane, and ethyl acetate showing a low CO conversion. The
6.7% Co/silica[Co2(dba)2] multilayer catalyst gave large quantities of carbon dioxide,
methane, and a considerable amount of ethane and ethane. Both carbon dioxide and
methane are not valuable products in FT synthesis. However, the FT reaction occurs at a
136

faster rate over 5.5% Co/silica[Co2(dba)2] multilayer derived catalyst than over the 6.7%
Co/silica[Co2(dba)2] monolayer catalyst and came to completion after 16 h with 53%
pressure change (Table 2.4). The 5.5% Co/silica [Co2(daa)2] monolayer catalyst has
nearly the same cobalt content as that of 6.7% Co/silica[Co2(dba)2] multilayer catalyst.
Therefore, it is of interest to compare the FT products of these two catalysts. The 5.5%
Co/silica[Co2(daa)2] monolayer catalyst took 103 h for a 57% pressure change and the
product distribution is significantly different from the product distribution of the 6.7%
Co/silica[Co2(dba)2] multilayer catalyst which took 16 h to show 53% pressure change.
Table 4.5

Analysis of hydrocarbons in gas phase products from FT synthesis on
different catalysts at 350˚C with syngas (CO/H2=1.0, all values are reported
as %volume).

Product

3.5%

5.5% Co/silica

2.3% Co/silica

6.7%

Co/silica

[Co2(daa)2]

[CuCo(daaen)]

Co/silica

[Co2(dba)2]

monolayer

monolayer catalyst

[Co2(dba)2]

monolayer

(103 h)

monolayer

multilayer

(31 h)

catalyst

(62 h)

(17 h)
CO2

4.36

37.9

6.74

45.24

CH4

5.45

35

7.23

41.78

C2H6

0.4

19.4

0.75

3.29

C2H4

2.74

2.76

0.03

0.92

C2H5OC2H5

0.4

0.04

C3H8

1.88

C4H10

0.75

CH2=CHCH2CH3

0.2

CH3CH=CHCH3

0.2

C5H12

0.4
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The 5.5% Co/silica[Co2(daa)2] monolayer catalyst produced a significant amount
of carbon dioxide and methane while the amounts of these products are a little less than
that for the 6.7% Co/silica[Co2(dba)2] multilayer catalyst. 5.5% Co/silica[Co2(daa)2]
formed more products including ethane, ethyl acetate, propane, butane, 1-butene, 2butene, and pentane. These results suggest that chain growth probability is increasing
with increasing reaction time (103 h reaction time of Co2(daa)2/silica vs. 16 h reaction
time of Co2(dba)2/silica). These two catalysts showed nearly the same amount of pressure
change. The hydrocarbon selectivity by volume between the two catalysts is 61% (5.5%
Co/silica[Co2(daa)2]) and 46% (6.7% Co/silica[Co2(dba)2]). This hydrocarbon selectivity
variation can be explained by particle size difference. On large cobalt particles secondary
reactions such as water gas shift reaction occur at a faster rate. As a result, more CO2 was
formed by the Co2(dba)2 derived multilayer catalyst than the Co2(daa)2 derived catalyst
(38% CO2 from Co2(daa)2 vs. 45% CO2 from Co2(dba)2). Both Co/silica[Co2(daa)2] and
Co/silica[Co2(daa)2] produced methane as the major hydrocarbon product. This
observation agrees with the previous reported results as particle sizes smaller than 80 Ǻ
often produce methane with high selectivity.203-205 In FT synthesis, small size cobalt
particles deactivate by coke formation, cobalt oxidation, and cobalt particle sintering.
Oxidation of cobalt particles by generated water occurs in cobalt particles less than 70 Ǻ
diameter.206,207 Since the pressure is continuously decreasing over time, 3.5%
Co/silica[Co2(dba)2] catalyst did not seem to deactivate after 62 h of reaction time. The
reaction rate of 5.5% Co/silica[Co2(daa)2] catalyst decreased over time (Figure 4.10) and
may be due to the limited availability of syngas in the reactor after 103 h reaction time.
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Since Co2(daa)2/silica derived monolayer catalyst produced long chain
hydrocarbons with a 103 h reaction time, FT synthesis was repeated with 8 g of 3.5%
Co/silica[Co2(dba)2] monolayer catalyst. The reaction was performed for 96 h with larger
volumes of syngas (section 2.3.4.2). The objective of this study was to obtain
hydrocarbons in the gasoline range.
Liquid hydrocarbons were synthesized using this catalyst. A gas sample was
collected from the reactor after cooling to room temperature and was analyzed by GC and
GC-MS (Table 4.6) Methane, ethane, propane, and butane were the most abundant
products in the gas phase. Pentane and hexane were also detected. Linear and branched
hydrocarbons were found in the liquid phase (Figure 4.12).
Table 4.6

Analysis of hydrocarbon in gas phase products from FT synthesis 3.5%
Co/silica[Co2(dba)2] monolayer catalyst with syngas (CO/H2 = 1, reaction
time 96 h )
Product

%Yield (carbon based)

CH4

60.30

C2H6

8.48

C3H8

4.80

C4H10

1.81

C5H12

0.54

C6H12

0.68
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GC/MS analysis of liquid products of 3.5% Co/silica[Co2(dba)2]
monolayer catalyst after 96 h reaction time.

Hexane, cyclohexane, 3-methylpentane, benzene, and methylcyclopentane, were
obtained as C6 alkane isomers. Heptane, methyl cyclohexane, 2,3-dimethylpentane, 1,2dimethyl cyclopentane, ethylcyclopentane, 2-methyl hexane, and toluene were found as
C7 alkane isomers. In addition small quantities of 5-methyl-1-heptene, ethylcyclopentane,
1,2,4-trimethylcyclopentane, 1,2,3-trimethylcyclopentane were detected as C8
compounds. The mass spectra of each compound were compared with the National
Institute of Standards (NIST) 2008 library supplied with the GC-MS instrument.
The 2.3% Co/silica[CuCo(daaen)] monolayer catalyst showed 27% pressure
change after 31 h (Table 2.6). This catalyst is also capable of producing hydrocarbons
and carbon dioxide in the gas phase (Table 4.5). The 2.3% Co/silica[CuCo(daaen)]
catalyst formed liquid hydrocarbon which were then analyzed by GC-MS. Surprisingly,
aromatic hydrocarbons were the major products that were present in the liquid phase as
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illustrated in Figure 4.13. As discussed previously, our goal was to synthesize alcohols
over this catalyst. The presence of aromatic hydrocarbons as major products in the liquid
phase indicates that other secondary reactions are occurring on the
CoCu/silica[CuCo(daaen)] catalyst surface.
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Figure 4.14

GC/MS analysis of liquid products obtained from CuCo(daaen) catalyst.

Hydrocarbons reported in Figure 4.13 are as follows. 1. ortho-xylene, 2. 1,3dimethylbenzene, 3. p-xylene, 4. 1,2,3-trimethylbenzene, 5. 1-ethyl-3-methyl benzene, 6.
1-ethyl-2-methylbenzene, 7. 1,2,4-trimethylbenzene, 8. 1,2,4-trimethylbenzene, 9. 1ethyl-3-methyl benzene, 10. 1,2,3-trimethylbenzene, 11. limonene, 12. 1-methyl-2-(1methyl ethyl)benzene, 13. 1,2,3,4-tetramethylbenzene, and 14. 1,2,3,5-tetramethyl
benzene. Each peak was assigned as reported above.
One hypothesis for the unusual activity of the CoCu/silica[CuCo(daaen)] catalyst
is that alcohols, ROH, are formed on the metal surfaces.208 These alcohols are converted
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into hydrocarbons by the action of Lewis acids to first dehydrate the alcohols to alkyl
ether and the same acid sites will oligomerize the olefins into higher-molecular weight
olefins/aromatics.208 The coordinately unsaturated sites in the Co metal can act as Lewis
acid sites. A low H2/CO ratio favors the formation of products with high C/H ratio
(aromatics) which was observed before over CuO-CoO-Cr2O3 catalysts.209
The dispersion of cobalt atoms in these samples were determined by powder Xray diffraction studies. The metal atoms in monolayer samples are expected to be well
dispersed and therefore should not show any peaks in the XRD. On the other hand, the
arrangement of metal atoms in the multilayer catalyst is large enough to show peaks in
XRD. Figure 4.14 illustrates the XRD diffraction patterns of Co2(dba)2/silica monolyer
and multilayer catalysts before and after FT reactions.

Co

(d)

Intensity (a.u.)

(c)

(b)
(a)

10

20

30

40

50

2 (degrees)

Figure 4.15

XRD patterns of a) 3.5% Co/silica[Co2(dba)2] monolayer catalyst after
calcination b) 6.7% Co/silica[Co2(dba)2] multilayer catalyst after
calcinations c) 3.5% Co/silica[Co2(dba)2] monolayer catalyst after FT
reaction c) a) 6.7% Co/silica[Co2(dba)2] multilayer catalyst after FT
reaction.
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After calcination, monolayer catalysts from Co2(dba)2 and Co2(daa)2 do not show
any XRD peaks, as expected, indicating the highly dispersed nature of the cobalt active
species. The multilayer catalyst 6.7% Co/silica[Co2(dba)2] also does not produce XRD
peaks after calcination. This suggests that even with multilayer films, cobalt oxide is well
dispersed on the silica surface. The characterization of Co2(dba)2/silica showed that
properties of multilayer films are similar to that of pure Co2(dba)2. During the
calcinations, the less strongly held second layer agglomerate and forms cobalt active
centers with more than two cobalt atoms. The size of these active species is still not big
enough to develop a diffraction pattern in XRD. However, after FT reaction, only the
multilayer film coated 6.7% Co/silica[Co2(dba)2] catalyst shows a large intense cobalt
metal peak at a 2θ value of 44.34˚. This can be attributed to the agglomeration of less
strongly held cobalt atoms during the FT reaction which originally belonged to the
second layer. The cobalt atoms which are located close to the surface strongly interact
with the surface and are resistant to movement along the surface during the FT reaction
and, thus, do not form large crystallites. Cobalt metal particles have been detected
previously as an active species for FT synthesis which were seen before, during, and after
the reaction.4
TEM images were recorded to recognize cobalt metal species which were
detected in XRD experiments. The TEM photographs are shown in Figure 4.15.
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Figure 4.16

TEM images of silica a) silica gel b) 6.7% Co/silica[Co2(dba)2] catalysts
before FT reaction c) 3.5% Co/silica[Co2(dba)2] after FT reaction d) 6.7%
Co/silica[Co2(dba)2] multilayer catalyst after FT reaction

3.5% Co/silica[Co2(dba)2] and 5.5% Co/silica[Co2(daa)2] monolayer films did not
show any evidence for the appearance of detectable cobalt oxide particles. However,
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6.7% Co/silica[Co2(dba)2] catalyst shows tubular like structures approximately 50-70 nm
in length. These structures may be carbon nanotubes that are growing off of the cobalt
surface. The carbon nanotubes can be detected by Raman spectroscopy which should
show peaks at 155, 238, 272 cm-1.210 However, no such peaks were observed in the
Raman spectrum. This may be due to the low carbon nanotube density on the surface.
Another explanation may be that these structures are made of aggregated cobalt
particles.211
Since the CO conversion rate of 6.7% Co/silica[Co2(dba)2] multilayer sample was
encouraging, continuous flow fixed bed reactor studies were conducted to generate
hydrocarbons in significant quantities. The following section briefly discuss the results of
the flow reactor studies with 6.7% Co/silica[Co2(dba)2] catalyst.
4.3.2 Catalytic Reactions in the Flow Reactor
The flow reactor studies reported here are similar to the studies reported by
Shetian Liu et.al.212 A half inch continuous fixed bed flow reactor system was used to
produce sufficient quantities of liquid fuels to determine CO conversions and to analyze
the products quantitatively by GC/MS. The flow reactor was operated with syngas
containing 47:47:6 ratios of CO, H2, and N2, respectively. The catalyst was reduced with
50% H2 at 300˚C for 3 h prior to use. Total CO and H2 conversions and %yields (based
on carbon) were studied as a function of time of syngas on stream (15-75 h), temperature
(310, 320, and 350˚C), and total pressure (750 and 910 psi). The gas hourly space
velocity was kept constant at 600 h-1. Liquid products were collected by cooling the
effluent gas at 0˚C using a condenser and the effluent gas from the condenser was
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analyzed with an online gas chromatograph (GC) equipped with thermal conductivity
detector (TCD) and flame ionization detector (FID).
N2 was used as the internal standard for the calculation of CO conversion. The
conversion of CO and the selectivity of products were estimated using equations (4.40)
and (4.41), respectively.181 F0 and F represent the flow rates of syngas and effluent gas
after reaction, respectively. Ci0 and Ci represent the concentration of each component in
the syngas and effluent gas, and n is the carbon number of the component i.

Conversion of CO(%) =

F0C0CO-FCCO
0

F C CO

Selectivity of product i (%) =

4.3.2.1

0

=

FCin
0

0

FC

CO

-FCCO

C0CO-C0N2CCO/CN2

x 100%

(4.42)

0

C CO

=

C0N2Ci n
0

CN2 C

0

x 100%

(4.43)

CO-C N2 CCO

Effect of Temperature
For all flow reactor studies, the mole ratio of feed gas was 1. Low H2/CO ratio

favors C-C chain growth and CO insertion reactions thereby increasing the production of
long chain hydrocarbons.209 The FT syntheses were performed at three different
temperatures; 310, 330, and 350˚C. The conversion rates of H2 and CO at these
temperatures are depicted in Figure 4.16.
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Figure 4.17

Hydrogen and carbon monoxide conversion rates for 6.7%
Co/silica[Co2(dba)2] multilayer catalysts at different temperatures with a
76 h reaction time.

The hydrogen conversion rate is almost the same at 310˚C and 330˚C but shows
an approximate 5% increase at 350˚C. On the other hand, CO conversion increases with
increasing temperature and has values of 90%, 94%, and 96% at 310, 330, and 350˚C,
respectively. Conversion rates of H2 and CO are above 90% at all temperatures. The
remarkable activity of 6.7% Co/silica[Co2(dba)2] catalyst is achieved by the higher
dispersion of cobalt active species over the catalytic support as well as the presence of
two cobalt atoms in close proximity for bimetallic catalysis.
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Figure 4.18

Product selectivity of 6.7% Co/silica[Co2(dba)2] multilayer catalyst at
different temperatures with a 76 h reaction time.

The hydrocarbon selectivity based on carbon numbers was determined for each
temperature as depicted in Figure 4.17. CO2 selectivity is very low at all temperatures
with a 76 h reaction time and had a value of approximately 5%. Hydrocarbon selectivity
for C1-C3 hydrocarbons decreases from 310˚C to 330˚C but slightly increases between
330˚C and 350˚C. At all these temperatures, C4+ hydrocarbon selectivity is above 60%.
This indicates the efficiency of forming hydrocarbons in the gasoline range.
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4.3.2.2

Percent yield of hydrocarbons obtained over 6.7% Co/silica[Co2(dba)2]
multilayer catalyst at different temperatures with 76 h reaction time.

Effect of Reaction Time on Stream
The reaction products as a function of time on stream was studied by flowing

syngas into the flow reactor and closing both flow in and out gas valves to trap the syngas
in the reactor for a set reaction time. Reaction products and unreacted gases were then
removed from the reactor after each reaction time and analyzed by GC-MS. H2 and CO
conversion rates with reaction time on stream are given in Figure 4.19. Both reactants
have over 95-96% conversion rates on the stream with 15-50 h. After 70 h, CO
conversion rate reaches a maximum value of 99% while the H2 conversion rate remains
constant at 96%. The product selectivity with reaction time on stream shows that there is
a significant CO2 formation (35%) from 15-70 h and then decrease to 5% after 75 h.
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Figure 4.20

Hydrogen and carbon monoxide conversion rates over 6.7%
Co/silica[Co2(dba)2] multilayer catalyst with different reaction times of
syngas on stream.

As can be seen from Figure 4.20, C1-C3 hydrocarbons form with about 20%
selectivity with time on stream up to 70 h. C4+ hydrocarbon selectivity is 40% selective
initially and gradually increases from 20-30 h and then increases considerably until 70 h.
After 70 h, the C4+ products are formed at a higher selectivity increasing from 50% to
67% within 4 h time on stream. This dramatic change at 70 h on stream is quite
interesting. Note from Figure 4.19 that CO conversion is essentially complete at this time
on stream. With little CO present, the reverse water gas shift reaction occurs to lower the
selectivity of CO2. The CO formed from here then acts as a reactant for the FT reaction to
increase the hydrocarbon selectivity.
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Figure 4.21

Product selectivity of 6.7% Co/silica[Co2(dba)2] multilayer catalyst with
different reaction time on stream.

C4+ hydrocarbon yield is 40% at initial stages and increased with time as syngas
on stream and reached a maximum value of 65% after 75 h. C1-C3 hydrocarbon yield is
20% at initial stages and decreased to 10% during the time frame from 50-70 h, and
increases again in the region of 70-75 h.
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4.3.2.3

%Yield obtained from FT reaction over 6.7% Co/silica[Co2(dba)2]
multilayer catalyst with different reaction of syngas time on stream.

Effect of Pressure
The effect of the pressure on the FT reaction was studied at two different

pressures; 910 psi and 750 psi using the same 6.7% Co/silica[Co2(dba)2] catalyst (Table
4.7). It was determined that pressure has little effect on the H2 and CO conversion rates
(H2 96% vs 94%, CO 98% vs 97% with 910 psi and 750 psi, respectively). However, CO2
selectivity is decreased with increasing pressure (7% vs 13% at 910 psi and 750 psi,
respectively). C1-C3 hydrocarbon selectivity is relatively high at 910 psi (26% vs 22% at
910 psi and 750 psi, respectively), but C4+ selectivity is almost the same at two different
pressures (67% vs 65%). The carbon based product yield (C1-C3 and C4+) is a little
higher at 910 psi pressure (26% vs 21% at 910 psi and 750 psi pressure, respectively).
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Table 4.7

Effect of pressure on conversion rates of H2 and CO, product selectivity, and
product yield (carbon based) over 6.7% Co/silica[Co2(dba)2] multilayer
catalyst at 350˚C and 76 h reaction time.

Conversion rate (%)

910 psi

750 psi

H2

95.85

93.97

CO

98.45

97.40

CO2

6.70

12.69

C1-C3

26.39

21.95

C4+

66.91

65.36

C1-C3

25.98

21.38

C4+

65.88

63.66

Selectivity (carbon based)

Yield (carbon based)

These results confirm that the chain growth probability is slightly increased with
total pressure. In summary, it should be noted that high pressure (910 psi), high
temperature (310˚), and longer reaction times (76 h) favor the formation of C4+ and C1-C3
hydrocarbons with a higher selectivity and CO2 with a low selectivity. Over 70 h of
reaction time of syngas on stream significantly lower the CO2 formation.
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CHAPTER V
CONCLUSIONS

The main objective of this work was to synthesize and characterize silica
supported homo- and heterobinuclear metal complexes on Cab-O-Sil and evaluate them
for methanol synthesis, methanol decomposition, and Fisher-Tropsh synthesis. Two
dinuclear copper complexes, Cu2(dba)2 and Cu2(daa)2, were deposited on Cab-O-Sil by
batch impregnation and characterized by UV-Vis, elemental analysis, XRD, TGA and
DRIFTS. The adsorbed structures of Cu2(daa)2 differed from those of Cu2(dba)2 on the
silica substrate whereas the Cu2(daa)2 complex started to lose ligands after ≥2.49 wt% Cu
in THF solutions upon coordination with the surface. However, the Cu2(dba)2 complex
can be supported on Cab-O-Sil as submonolayer, monolayer, and multilayer films by
increasing the concentration of the metal solution in CH2Cl2 without losing any of its
coordinated ligands. Experimental results suggest that the monolayer film formation
completes between 1.36 wt% and 2.64 wt% of copper loading. The predicted monolayer
coverage is 2.44 wt% Cu. According to the XRD and DRIFTS results, 2.64 wt% Cu is in
slight excess to a monolayer. Therefore, the actual monolayer coverage should complete
close to 2.44 wt% Cu.
Cu/silica[Cu2(dba)2] catalysts were prepared to have 3.70 wt% copper after
thermolysis and were evaluated for methanol synthesis and decomposition reactions. The
control experiments were performed with a commercially-available catalyst. The
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Cu/silica[Cu2(dba)2] catalyst was shown to be less active for methanol synthesis than for
the methanol decomposition reaction. The low reactivity of the 3.70%
Cu/silica[Cu2(dba)2] catalyst may be explained by the size of the CuO species. The
reduced copper species may not be large enough to absorb CO and H2 and hold them in a
reactive distance for methanol synthesis.
Since 3.70% Cu/silica[Cu2(dba)2] catalyst contains a very littlel second layer, few
CuO species are being formed that are large enough to catalyze the reaction. However,
the ensemble size of two proximal copper atoms of the synthesized catalysts is capable of
decomposing methanol to its components. Furthermore, highly dispersed copper atoms
provide a high surface area for the catalytic reaction. .
Co2(dba)2 and CuCo(daaen) complexes were successfully supported on silica
surfaces and characterized using the same techniques used to characterize Cu2(daa)2 and
Cu2(dba)2. The Co2(dba)2 complex forms multilayer films close to 2.09 wt% Co loading
and the CuCo(daaen) complex completes monolayer film formation above 1.21 wt% Cu
and 1.13 wt% Co loadings.
Co2(dba)2/silica and CuCo(daaen)/silica precatalysts were converted to catalysts
by thermal activation. After activation with H2, these catalysts were evaluated for FT
synthesis. Additional catalyst was prepared with Co2(daa)2. Kinetic analysis was
performed for two Co/silica[Co2(dba)2] catalysts; 3.5% Co/silica[Co2(dba)2] monolayer
catalyst and 6.7% Co/silica[Co2(dba)2] multilayer catalyst. The multilayer catalyst was
about sixteen times as active as the monolayer catalyst. The reactivity difference
probably arises from the difference in the sizes of the active species of the two catalysts.
As evidenced by XRD, the Co/silica[Co2(dba)2] multilayer catalyst contains cobalt metal
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species after FT reaction. 50-70 nm size tubular like structures were also detected in the
Co/silica[Co2(dba)2] sample by TEM experiments. Enough evidence was not found to
identify these structures. Even though the FT reaction is faster on the 6.7%
Co/silica[Co2(dba)2] multilayer catalyst than on the 5.5% Co/silica[Co2(dba)2] and 3.5%
Cu/silica[Cu2(dba)2] monolayer catalysts, the multilayer catalyst did not produce long
chain hydrocarbons with significant selectivity. Furthermore, 5.5% Co/silica[Co2(daa)2]
monolayer catalyst produced more hydrocarbon products with 103-h reaction times. This
suggests that the FT reaction is slow on a well dispersed pair of cobalt atoms. The 3.5%
Co/silica[Co2(dba)2] catalyst is also capable of producing relatively long chain
hydrocarbons with an extended reaction time. Analysis of liquid hydrocarbons using the
3.5% Co/silica [Co2(dba)2] catalyst with extended reaction times confirmed the presence
of straight and branched alkane isomers as products. By comparing the reaction products
of all of the FT reactions, it can be concluded that methane is the major product one can
get in a batch reactor and also the chain growth probability is very low. Increasing the
reaction time increases carbon-carbon chain growth probability.
Since the reaction of the 6.7% Co/silica[Co2(dba)2] multilayer catalyst is faster
than that of the 3.5% Co/silica[Co2(dba)2] monolayer catalyst, the FT reaction was
performed with 6.7% Co/silica[Co2(dba)2] catalyst with extended reaction times in a flow
reactor. This catalyst has excellent CO and H2 conversion rates (above 95%) with
extended reaction time on stream. Interestingly, with 20 h reaction times, C1-C3
hydrocarbons were detected with 23% selectivity and C4+ hydrocarbons were detected
with 45% selectivity. However, CO2 selectivity is 37% which was a little lower than the
CO2 produced from a batch reactor (45%). In addition, no products were obtained over C4
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hydrocarbons in the batch reactor. These results suggest that the type of reactor may also
affect the overall performance of the catalyst. FT synthesis is a highly exothermic
reaction; hence, generated heat should be removed in order for the catalysts to function
properly. In a flow reactor, the reactor is cooled with water, but in a batch reactor no
mechanism is in place to effectively remove excess heat. Therefore, two different
reaction mechanisms can be expected from the two reactors.
The product distribution with the 6.7% Co/silica[Co2(dba)2] catalyst differs with
extended reaction time on stream, temperature, and pressure. C4+ hydrocarbon selectivity
significantly increased with a 70 h reaction time. This suggests that extended reaction
times give enough time for short chain hydrocarbons to grow into long chain
hydrocarbons. After a 70 h reaction time, CO2 selectivity decreases dramatically. An
increase in temperature also increased the C4+ hydrocarbon selectivity. 910 psi pressure
reaction conditions also shifts the FT reaction to the product side. The C4+ product
selectivity is improved by the 910 psi pressure reaction conditions.
In summary, C4+ hydrocarbon selectivity of the 6.7% Co/silica[Co2(dba)2] catalyst
is increased by extended reaction times, 350˚C temperature, and 910 psi pressure in a
flow reactor. The cobalt dispersion and bimetallic nature of active species of the 6.7%
Co/silica[Co2(dba)2] catalyst has improved the catalatytic activity of FT synthesis as
shown by the CO and H2 conversion rates.
CuCo/silica[CuCo(daaen)] monolayer catalyst was examined for FT synthesis.
This catalyst has a higher CO conversion rate (9.40 mol-1 h-1) than the 5.5%
Co/silica[Co2(daa)2] (0.035 g-1 h-1) and 3.5% Co/silica[Co2(dba)2] (0.0144 g-1 h-1)
monolayer catalysts. After FT reaction, small quantities of methane, ethane, and carbon
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dioxide were found in the gas phase with CuCo/silica[daaen] catalyst and the liquid phase
was dominated by aromatic hydrocarbons. The copper-cobalt based catalysts are known
to produce alcohols. Therefore, the observation of aromatics from
CuCo/silica[CuCo(daaen)] catalyst suggests that some other secondary reactions are
going on the copper-cobalt surface. The catalyst forms alcohols on the surface and then
converts to olefins by alcohol dehydration. These olefins may have turned into aromatics.
Finally, it is concluded that the current study was able to successfully synthesize
catalysts having designed dispersions for methanol decomposition and FT reactions but
not for methanol synthesis.
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Table A.1
Atoms
O1-C4
N1-C2
N1-C8
N1-H1
C1-C2
C1-H1A
C1-H1B
C1-H1C
N2-C6#1
N2-C9
N2-H2
C2-C3
C3-C4
C3-H3
C4-C5
C5-C6
C5-H5
C6-N2#1

Bond lengths [Å] for H4daaen.
Lengths
1.2782(12)
1.3461(13)
1.4524(13)
0.8800
1.5053(13)
0.9800
0.9800
0.9800
1.3507(13)
1.4578(13)
0.8800
1.3761(14)
1.4479(14)
0.9500
1.4412(14)
1.3782(14)
0.9500
1.3507(13)

Atoms
C6-C7
C7-H7A
C7-H7B
C7-H7C
C8-C9
C8-H8A
C8-H8B
C9-H9A
C9-H9B

172

Lengths
1.5007(14)
0.9800
0.9800
0.9800
1.5344(14)
0.9900
0.9900
0.9900
0.9900

Table A.2

Bond angles [°] for H4daaen.

Atoms
C2-N1-C8
C2-N1-H1
C8-N1-H1
C2-C1-H1A
C2-C1-H1B
H1A-C1-H1B
C2-C1-H1C
H1A-C1-H1C
H1B-C1-H1C
C6#1-N2-C9
C6#1-N2-H2
C9-N2-H2
N1-C2-C3
N1-C2-C1
C3-C2-C1
C2-C3-C4
C2-C3-H3
C4-C3-H3
O1-C4-C5
O1-C4-C3
C5-C4-C3
C6-C5-C4

Angles
127.59(9)
116.20
116.20
109.50
109.50
109.50
109.50
109.50
109.50
127.43(9)
116.30
116.30
120.83(9)
118.10(9)
121.08(9)
124.07(9)
118.00
118.00
120.79(9)
120.88(9)
118.33(9)
124.42(9)

Atoms
C6-C5-H5
C4-C5-H5
N2#1-C6-C5
N2#1-C6-C7
C5-C6-C7
C6-C7-H7A
C6-C7-H7B
H7A-C7-H7B
C6-C7-H7C
H7A-C7-H7C
H7B-C7-H7C
N1-C8-C9
N1-C8-H8A
C9-C8-H8A
N1-C8-H8B
C9-C8-H8B
H8A-C8-H8B
N2-C9-C8
N2-C9-H9A
C8-C9-H9A
N2-C9-H9B
C8-C9-H9B
H9A-C9-H9B
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Angles
117.80
117.80
121.44(9)
118.36(9)
120.19(9)
109.50
109.50
109.50
109.50
109.50
109.50
111.32(8)
109.40
109.40
109.40
109.40
108.00
111.90(8)
109.20
109.20
109.20
109.20
107.90

Table A.3

Bond lengths [Å] for Cu2(daaen)py.

Atoms
Cu1-O4
Cu1-O1
Cu1-O2
Cu1-O3
Cu1-N3
Cu1-Cu2
N1-C6
N1-C7
N1-Cu2
O1-C2
C1-C2
C1-H1A
C1-H1B
C1-H1C
Cu2-N2
Cu2-O3
Cu2-O2
N2-C9
N2-C8
O2-C4
C2-C3
O3-C11
C3-C4
C3-H3
N3-C17
N3-C21
O4-C13
C4-C5
C5-C6
C5-H5
C6-C15

Lengths
1.9111(11)
1.9220(11)
1.9560(10)
1.9683(11)
2.2653(13)
3.0275(3)
1.320(2)
1.4708(19)
1.8798(13)
1.2992(18)
1.514(2)
0.9800
0.9800
0.9800
1.8821(13)
1.9058(11)
1.9086(10)
1.319(2)
1.4675(19)
1.3264(17)
1.383(2)
1.3237(18)
1.425(2)
0.9500
1.338(2)
1.341(2)
1.3007(19)
1.397(2)
1.420(2)
0.9500
1.508(2)

Atoms
C7-H7A
C7-H7B
C8-H8A
C8-H8B
C9-C10
C9-C16
C10-C11
C10-H10
C11-C12
C12-C13
C12-H12
C13-C14
C14-H14A
C14-H14B
C14-H14C
C15-H15A
C15-H15B
C15-H15C
C16-H16A
C16-H16B
C16-H16C
C17-C18
C17-H17
C18-C19
C18-H18
C19-C20
C19-H19
C20-C21
C20-H20
C21-H21
C7-C8
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Lengths
0.9900
0.9900
0.9900
0.9900
1.424(2)
1.508(2)
1.399(2)
0.9500
1.429(2)
1.382(2)
0.9500
1.512(2)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.381(2)
0.9500
1.382(2)
0.9500
1.385(2)
0.9500
1.384(2)
0.9500
0.9500
1.548(2)

Table A.4

Bond angles [°] for Cu2(daaen)py.

Atoms
O4-Cu1-O1
O4-Cu1-O2
O1-Cu1-O2
O4-Cu1-O3
O1-Cu1-O3
O2-Cu1-O3
O4-Cu1-N3
O1-Cu1-N3
O2-Cu1-N3
O3-Cu1-N3
O4-Cu1-Cu2
O1-Cu1-Cu2
O2-Cu1-Cu2
O3-Cu1-Cu2
N3-Cu1-Cu2
C6-N1-C7
C6-N1-Cu2
C7-N1-Cu2
C2-O1-Cu1
C2-C1-H1A
C2-C1-H1B
H1A-C1-H1B
C2-C1-H1C
H1A-C1-H1C
H1B-C1-H1C
N1-Cu2-N2
N1-Cu2-O3
N2-Cu2-O3
N1-Cu2-O2

Angles
96.95(5)
163.65(5)
92.28(4)
91.98(4)
161.95(5)
75.68(4)
96.35(5)
98.66(5)
95.56(5)
95.89(5)
129.40(3)
129.35(3)
37.87(3)
37.87(3)
95.51(3)
122.18(13)
124.17(11)
113.65(10)
123.78(10)
109.50
109.50
109.50
109.50
109.50
109.50
89.09(6)
172.96(5)
96.16(5)
96.15(5)

Atoms
C4-C5-H5
C6-C5-H5
N1-C6-C5
N1-C6-C15
C5-C6-C15
N1-C7-C8
N1-C7-H7A
C8-C7-H7A
N1-C7-H7B
C8-C7-H7B
H7A-C7-H7B
N2-C8-C7
N2-C8-H8A
C7-C8-H8A
N2-C8-H8B
C7-C8-H8B
H8A-C8-H8B
N2-C9-C10
N2-C9-C16
C10-C9-C16
C11-C10-C9
C11-C10-H10
C9-C10-H10
O3-C11-C10
O3-C11-C12
C10-C11-C12
C13-C12-C11
C13-C12-H12
C11-C12-H12
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Angles
115.90
115.90
123.83(14)
119.54(14)
116.62(14)
111.59(12)
109.30
109.30
109.30
109.30
108.00
111.90(12)
109.20
109.20
109.20
109.20
107.90
123.45(14)
119.57(14)
116.96(14)
128.20(14)
115.90
115.90
120.32(14)
117.69(13)
121.99(14)
126.55(14)
116.70
116.70

Table A.4 (cont.)
Atoms
N2-Cu2-O2
O3-Cu2-O2
N1-Cu2-Cu1
N2-Cu2-Cu1
O3-Cu2-Cu1
O2-Cu2-Cu1
C9-N2-C8
C9-N2-Cu2
C8-N2-Cu2
C4-O2-Cu2
C4-O2-Cu1
Cu2-O2-Cu1
O1-C2-C3
O1-C2-C1
C3-C2-C1
C11-O3-Cu2
C11-O3-Cu1
Cu2-O3-Cu1
C2-C3-C4
C2-C3-H3
C4-C3-H3
C17-N3-C21
C17-N3-Cu1
C21-N3-Cu1
C13-O4-Cu1
O2-C4-C5
O2-C4-C3
C5-C4-C3
C4-C5-C6
C19-C20-H20
N3-C21-C20
N3-C21-H21
C20-C21-H21

Angles
173.16(5)
78.27(4)
134.74(4)
135.14(4)
39.35(3)
38.99(3)
121.95(13)
124.45(11)
113.57(10)
126.53(9)
130.29(9)
103.14(5)
128.06(14)
113.90(13)
118.05(13)
126.89(10)
130.32(10)
102.78(5)
126.64(14)
116.70
116.70
117.21(14)
117.87(10)
124.14(11)
124.27(10)
120.40(13)
117.90(13)
121.70(14)
128.14(14)
120.70
123.19(15)
118.40
118.40

Atoms
O4-C13-C12
O4-C13-C14
C12-C13-C14
C13-C14-H14A
C13-C14-H14B
H14A-C14-H14B
C13-C14-H14C
H14A-C14-H14C
H14B-C14-H14C
C6-C15-H15A
C6-C15-H15B
H15A-C15-H15B
C6-C15-H15C
H15A-C15-H15C
H15B-C15-H15C
C9-C16-H16A
C9-C16-H16B
H16A-C16-H16B
C9-C16-H16C
H16A-C16-H16C
H16B-C16-H16C
N3-C17-C18
N3-C17-H17
C18-C17-H17
C17-C18-C19
C17-C18-H18
C19-C18-H18
C18-C19-C20
C18-C19-H19
C20-C19-H19
C21-C20-C19
C21-C20-H20

176

Angles
127.95(14)
113.05(14)
119.00(14)
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
123.43(15)
118.30
118.30
118.80(15)
120.60
120.60
118.65(16)
120.70
120.70
118.70(16)
120.70

Table A.5

Bond lengths [Å] for Cu2(dba)2(py)2.

Atoms
Cu1-O1
Cu1-O6
Cu1-O5
Cu1-O2
Cu1-N1
Cu1-Cu2
O1-C1
N1-C39
N1-C35
C1-C2
C1-C6
Cu2-O3
Cu2-O4
Cu2-O2
Cu2-O5
Cu2-N2
O2-C3
N2-C44
N2-C40
C2-C3
C2-H2
O3-C5
C3-C4
O4-C18
C4-C5
C4-H4
C18-C23

Lengths
1.9110(16)
1.9258(16)
1.9547(15)
1.9654(15)
2.248(2)
3.0583(4)
1.290(3)
1.303(3)
1.322(3)
1.386(3)
1.494(3)
1.9158(15)
1.9165(15)
1.9542(15)
1.9774(15)
2.250(2)
1.317(3)
1.311(4)
1.311(4)
1.417(3)
0.9500
1.289(3)
1.406(3)
1.293(3)
1.389(3)
0.9500
1.496(3)

Atoms
O5-C20
C5-C12
O6-C22
C6-C11
C6-C7
C7-C8
C7-H7
C8-C9
C8-H8
C9-C10
C9-H9
C10-C11
C10-H10
C11-H11
C12-C17
C12-C13
C13-C14
C13-H13
C14-C15
C14-H14
C15-C16
C15-H15
C16-C17
C16-H16
C17-H17
C18-C19

177

Lengths
1.307(3)
1.493(3)
1.285(3)
1.384(3)
1.391(3)
1.383(3)
0.9500
1.390(4)
0.9500
1.377(3)
0.9500
1.387(3)
0.9500
0.9500
1.392(3)
1.395(3)
1.391(4)
0.9500
1.381(4)
0.9500
1.385(4)
0.9500
1.386(3)
0.9500
0.9500
1.385(3)

Table A.5 (cont.).
Atoms
C19-C20
C19-H19
C20-C21
C21-C22
C21-H21
C22-C29
C23-C24
C23-C28
C24-C25
C24-H24
C25-C26
C25-H25
C26-C27
C26-H26
C27-C28
C27-H27
C28-H28
C29-C34
C29-C30
C30-C31
C30-H30
C31-C32
C31-H31
C32-C33
C32-H32
C33-C34
C33-H33

Lengths
1.419(3)
0.9500
1.415(3)
1.389(3)
0.9500
1.503(3)
1.384(3)
1.392(3)
1.398(4)
0.9500
1.381(4)
0.9500
1.386(4)
0.9500
1.385(3)
0.9500
0.9500
1.393(3)
1.393(3)
1.387(3)
0.9500
1.390(3)
0.9500
1.378(4)
0.9500
1.388(3)
0.9500

Atoms
C34-H34
C35-C36
C35-H35
C36-C37
C36-H36
C37-C38
C37-H37
C38-C39
C38-H38
C39-H39
C40-C41
C40-H40
C41-C42
C41-H41
C42-C43
C42-H42
C43-C44
C43-H43
C44-H44
C50-C51
C50-C52
C51-C52#1
C52-C51#1
C50A-C51A
C50A-C52A
C51A-C52A#1
C52A-C51A#1

178

Lengths
0.9500
1.377(4)
0.9500
1.352(5)
0.9500
1.365(5)
0.9500
1.372(4)
0.9500
0.9500
1.384(5)
0.9500
1.327(5)
0.9500
1.361(5)
0.9500
1.370(4)
0.9500
0.9500
1.37(3)
1.44(2)
1.41(3)
1.41(3)
1.355(17)
1.375(14)
1.301(17)
1.301(17)

Table A.6

Bond angles [°] for Cu2(dba)2(py)2.

Atoms
Cu1-O1
Cu1-O6
Cu1-O5
Cu1-O2
Cu1-N1
Cu1-Cu2
O1-C1
N1-C39
N1-C35
C1-C2
C1-C6
Cu2-O3
Cu2-O4
Cu2O2
Cu2-O5
Cu2-N2
O2)-C3
N2-C44
N2-C40
C2-C3
C2-H2
O3-C5
C3-C4
O4-C18
C4-C5
C4-H4
O5-C20
C5-C12
O6-C22
C6-C11
C6-C7

Angles
1.9110(16)
1.9258(16)
1.9547(15)
1.9654(15)
2.248(2)
3.0583(4)
1.290(3)
1.303(3)
1.322(3)
1.386(3)
1.494(3)
1.9158(15)
1.9165(15)
1.9542(15)
1.9774(15)
2.250(2)
1.317(3)
1.311(4)
1.311(4)
1.417(3)
0.95
1.289(3)
1.406(3)
1.293(3)
1.389(3)
0.95
1.307(3)
1.493(3)
1.285(3)
1.384(3)
1.391(3)

Atoms
C7-C8
C7-H7
C8-C9
C8-H8
C9-C10
C9-H9
C10-C11
C10-H10
C11-H11
C12-C17
C12-C13
C13-C14
C13-H13
C14-C15
C14-H14
C15-C16
C15-H15
C16-C17
C16-H16
C17-H17
C18-C19
C18-C23
C19-C20
C19-H19
C20-C21
C21-C22
C21-H21
C22-C29
C23-C24
C23-C28

179

Angles
1.383(3)
0.95
1.390(4)
0.95
1.377(3)
0.95
1.387(3)
0.95
0.95
1.392(3)
1.395(3)
1.391(4)
0.95
1.381(4)
0.95
1.385(4)
0.95
1.386(3)
0.95
0.95
1.385(3)
1.496(3)
1.419(3)
0.95
1.415(3)
1.389(3)
0.95
1.503(3)
1.384(3)
1.392(3)

Table A.6 (cont.).
Atoms
C24-C25
C24-H24
C25-C26
C25-H25
C26-C27
C26-H26
C27-C28
C27-H27
C28-H28
C29-C34
C29-C30
C30-C31
C30-H30
C31-C32
C31-H31
C32-C33
C32-H32
C33-C34
C33-H33
C34-H34
C35-C36
C35-H35
C36-C37
C36-H36
C37-C38
C37-H37
C38-C39
C38-H38
C39-H39
C40-C41
C40-H40
C41-C42
C41-H41
C42-C43
C42-H42

Angles
1.398(4)
0.95
1.381(4)
0.95
1.386(4)
0.95
1.385(3)
0.95
0.95
1.393(3)
1.393(3)
1.387(3)
0.95
1.390(3)
0.95
1.378(4)
0.95
1.388(3)
0.95
0.95
1.377(4)
0.95
1.352(5)
0.95
1.365(5)
0.95
1.372(4)
0.95
0.95
1.384(5)
0.95
1.327(5)
0.95
1.361(5)
0.95

Atoms
C43-C44
C43-H43
C44-H44
C50-C51
C50-C52
C51-C52#1
C52-C51#1
C50A-C51A
C50A-C52A
C51A-C52A#1
C52A-C51A#1
O1-Cu1-O6
O1-Cu1-O5
O6-Cu1-O5
O1-Cu1-O2
O6-Cu1-O2
O5-Cu1-O2
O1-Cu1-N1
O6-Cu1-N1
O5-Cu1-N1
O2-Cu1-N1
O1-Cu1-Cu2
O6-Cu1-Cu2
O5-Cu1-Cu2
O2-Cu1-Cu2
N1-Cu1-Cu2
C1-O1-Cu1
C39-N1-C35
C39-N1-Cu1

180

Angles
1.370(4)
0.95
0.95
1.37(3)
1.44(2)
1.41(3)
1.41(3)
1.355(17)
1.375(14)
1.301(17)
1.301(17)
93.89(7)
168.72(7)
92.54(6)
93.32(6)
159.85(7)
77.66(6)
92.15(7)
99.77(7)
95.88(7)
98.74(7)
131.84(5)
130.35(5)
39.21(4)
38.58(4)
96.95(5)
124.19(14)
115.9(2)
123.48(18)

Table A.6 (cont.)
Atoms
C35-N1-Cu1
O1-C1-C2
O1-C1-C6
C2-C1-C6
O3-Cu2-O4
O3-Cu2-O2
O4-Cu2-O2
O3-Cu2-O5
O4-Cu2-O5
O2-Cu2-O5
O3-Cu2-N2
O4-Cu2-N2
O2-Cu2-N2
O5-Cu2-N2
O3-Cu2-Cu1
O4-Cu2-Cu1
O2-Cu2-Cu1
O5-Cu2-Cu1
N2-Cu2-Cu1
C3-O2-Cu2
C3-O2-Cu1
Cu2-O2-Cu1
C44-N2-C40
C44-N2-Cu2
C40-N2-Cu2
C1-C2-C3
C1-C2-H2
C3-C2-H2
C5-O3-Cu2
O2-C3-C4
O2-C3-C2
C4-C3-C2
C18-O4-Cu2
C5-C4-C3
C5-C4-H4

Angles
120.53(18)
127.2(2)
114.54(19)
118.2(2)
94.06(7)
93.24(6)
166.32(7)
164.34(7)
92.83(6)
77.39(6)
99.70(7)
95.02(7)
95.13(7)
93.68(7)
131.52(5)
131.27(5)
38.85(4)
38.67(4)
93.19(5)
127.37(14)
127.03(14)
102.57(7)
115.9(2)
121.62(18)
122.44(19)
126.8(2)
116.60
116.60
124.71(14)
120.47(19)
119.4(2)
120.1(2)
124.87(14)
126.8(2)
116.60

Atoms
C3-C4-H4
C20-O5-Cu1
C20-O5-Cu2
Cu1-O5-Cu2
O3-C5-C4
O3-C5-C12
C4-C5-C12
C22-O6-Cu1
C11-C6-C7
C11-C6-C1
C7-C6-C1
C8-C7-C6
C8-C7-H7
C6-C7-H7
C7-C8-C9
C7-C8-H8
C9-C8-H8
C10-C9-C8
C10-C9-H9
C8-C9-H9
C9-C10-C11
C9-C10-H10
C11-C10-H10
C6-C11-C10
C6-C11-H11
C10-C11-H11
C17-C12-C13
C17-C12-C5
C13-C12-C5
C14-C13-C12

181

Angles
116.60
128.39(14)
127.71(13)
102.12(7)
126.5(2)
114.76(19)
118.7(2)
125.79(14)
119.0(2)
122.0(2)
119.1(2)
120.8(2)
119.60
119.60
119.7(2)
120.10
120.10
119.7(2)
120.10
120.10
120.5(2)
119.80
119.80
120.3(2)
119.80
119.80
118.9(2)
119.2(2)
121.8(2)
119.8(2)

Table A.6 (cont.)
Atoms
C14-C13-H13
C12-C13-H13
C15-C14-C13
C15-C14-H14
C13-C14-H14
C14-C15-C16
C14-C15-H15
C16-C15-H15
C15-C16-C17
C15-C16-H16
C17-C16-H16
C16-C17-C12
C16-C17-H17
C12-C17-H17
O4-C18-C19
O4-C18-C23
C19-C18-C23
C18-C19-C20
C18-C19-H19
C20-C19-H19
O5-C20-C21
O5-C20-C19
C21-C20-C19
C22-C21-C20
C22-C21-H21
C20-C21-H21

Angles
120.10
120.10
120.7(3)
119.70
119.70
119.8(2)
120.10
120.10
119.9(2)
120.10
120.10
120.9(2)
119.60
119.60
126.9(2)
114.34(19)
118.7(2)
126.7(2)
116.70
116.70
120.58(19)
119.69(19)
119.7(2)
126.7(2)
116.70
116.70

Atoms
O6-C22-C21
O6-C22-C29
C21-C22-C29
C24-C23-C28
C24-C23-C18
C28-C23-C18
C23-C24-C25
C23-C24-H24
C25-C24-H24
C26-C25-C24
C26-C25-H25
C24-C25-H25
C25-C26-C27
C25-C26-H26
C27-C26-H26
C28-C27-C26
C28-C27-H27
C26-C27-H27
C27-C28-C23
C27-C28-H28
C23-C28-H28
C34-C29-C30
C34-C29-C22

182

Angles
125.9(2)
114.54(19)
119.5(2)
119.2(2)
122.1(2)
118.7(2)
119.9(3)
120.10
120.10
120.2(3)
119.90
119.90
120.2(2)
119.90
119.90
119.4(3)
120.30
120.30
121.0(2)
119.50
119.50
118.6(2)
118.4(2)

Table A.6 (cont.)
Atoms
C30-C29-C22
C31-C30-C29
C31-C30-H30
C29-C30-H30
C30-C31-C32
C30-C31-H31
C32-C31-H31
C33-C32-C31
C33-C32-H32
C31-C32-H32
C32-C33-C34
C32-C33-H33
C34-C33-H33
C33-C34-C29
C33-C34-H34
C29-C34-H34
N1-C35-C36
N1-C35-H35
C36-C35-H35
C37-C36-C35
C37-C36-H36
C35-C36-H36
C36-C37-C38
C36-C37-H37
C38-C37-H37
C37-C38-C39
C37-C38-H38

Angles
123.0(2)
120.6(2)
119.70
119.70
120.0(2)
120.00
120.00
120.0(2)
120.00
120.00
119.9(2)
120.00
120.00
120.9(2)
119.60
119.60
124.2(3)
117.90
117.90
118.9(3)
120.60
120.60
117.6(3)
121.20
121.20
119.4(3)
120.30

Atoms
C39-C38-H38
N1-C39-C38
N1-C39-H39
C38-C39-H39
N2-C40-C41
N2-C40-H40
C41-C40-H40
C42-C41-C40
C42-C41-H41
C40-C41-H41
C41-C42-C43
C41-C42-H42
C43-C42-H42
C42-C43-C44
C42-C43-H43
C44-C43-H43
N2-C44-C43
N2-C44-H44
C43-C44-H44
C51-C50-C52
C50-C51-C52#1
C51#1-C52-C50
C51A-C50A-C52A
C52A#1-C51A-C50A
C51A#1-C52A-C50A

183

Angles
120.30
124.1(3)
118.00
118.00
123.7(3)
118.10
118.10
119.3(3)
120.30
120.30
118.1(3)
120.90
120.90
119.1(3)
120.40
120.40
123.8(3)
118.10
118.10
122(2)
118(2)
120(2)
120.5(10)
119.0(12)
120.3(12)

Table A.7

Bond lengths [Å] for Cu2(daaen)py.

Atoms
Cu1-O4
Cu1-O1
Cu1-O2
Cu1-O3
Cu1-N3
Cu1-Cu2
N1-C6
N1-C7
N1-Cu2
O1-C2
C1-C2
C1-H1A
C1-H1B
C1-H1C
Cu2-N2
Cu2-O3
Cu2-O2
N2-C9
N2-C8
O2-C4
C2-C3
O3-C11
C3-C4
C3-H3
N3-C17
N3-C21
O4-C13
C4-C5
C5-C6
C5-H5
C6-C15

Lengths
1.9111(11)
1.9220(11)
1.9560(10)
1.9683(11)
2.2653(13)
3.0275(3)
1.320(2)
1.4708(19)
1.8798(13)
1.2992(18)
1.514(2)
0.9800
0.9800
0.9800
1.8821(13)
1.9058(11)
1.9086(10)
1.319(2)
1.4675(19)
1.3264(17)
1.383(2)
1.3237(18)
1.425(2)
0.9500
1.338(2)
1.341(2)
1.3007(19)
1.397(2)
1.420(2)
0.9500
1.508(2)

Atoms
C7-H7A
C7-H7B
C8-H8A
C8-H8B
C9-C10
C9-C16
C10-C11
C10-H10
C11-C12
C12-C13
C12-H12
C13-C14
C14-H14A
C14-H14B
C14-H14C
C15-H15A
C15-H15B
C15-H15C
C16-H16A
C16-H16B
C16-H16C
C17-C18
C17-H17
C18-C19
C18-H18
C19-C20
C19-H19
C20-C21
C20-H20
C21-H21
C7-C8

184

Lengths
0.9900
0.9900
0.9900
0.9900
1.424(2)
1.508(2)
1.399(2)
0.9500
1.429(2)
1.382(2)
0.9500
1.512(2)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.381(2)
0.9500
1.382(2)
0.9500
1.385(2)
0.9500
1.384(2)
0.9500
0.9500
1.548(2)

Table A.7 (cont.)
Atoms
O4-Cu1-O1
O4-Cu1-O2
O1-Cu1-O2
O4-Cu1-O3
O1-Cu1-O3
O2-Cu1-O3
O4-Cu1-N3
O1-Cu1-N3
O2-Cu1-N3
O3-Cu1-N3
O4-Cu1-Cu2
O1-Cu1-Cu2
O2-Cu1-Cu2
O3-Cu1-Cu2
N3-Cu1-Cu2
C6-N1-C7
C6-N1-Cu2
C7-N1-Cu2
C2-O1-Cu1
C2-C1-H1A
C2-C1-H1B
H1A-C1-H1B
C2-C1-H1C
H1A-C1-H1C
H1B-C1-H1C
N1-Cu2-N2
N1-Cu2-O3
N2-Cu2-O3
N1-Cu2-O2

Angles
96.95(5)
163.65(5)
92.28(4)
91.98(4)
161.95(5)
75.68(4)
96.35(5)
98.66(5)
95.56(5)
95.89(5)
129.40(3)
129.35(3)
37.87(3)
37.87(3)
95.51(3)
122.18(13)
124.17(11)
113.65(10)
123.78(10)
109.50
109.50
109.50
109.50
109.50
109.50
89.09(6)
172.96(5)
96.16(5)
96.15(5)

Atoms
C4-C5-H5
C6-C5-H5
N1-C6-C5
N1-C6-C15
C5-C6-C15
N1-C7-C8
N1-C7-H7A
C8-C7-H7A
N1-C7-H7B
C8-C7-H7B
H7A-C7-H7B
N2-C8-C7
N2-C8-H8A
C7-C8-H8A
N2-C8-H8B
C7-C8-H8B
H8A-C8-H8B
N2-C9-C10
N2-C9-C16
C10-C9-C16
C11-C10-C9
C11-C10-H10
C9-C10-H10
O3-C11-C10
O3-C11-C12
C10-C11-C12
C13-C12-C11
C13-C12-H12
C11-C12-H12

185

Angles
115.90
115.90
123.83(14)
119.54(14)
116.62(14)
111.59(12)
109.30
109.30
109.30
109.30
108.00
111.90(12)
109.20
109.20
109.20
109.20
107.90
123.45(14)
119.57(14)
116.96(14)
128.20(14)
115.90
115.90
120.32(14)
117.69(13)
121.99(14)
126.55(14)
116.70
116.70

Table A.7 (cont.)
Atoms
N2-Cu2-O2
O3-Cu2-O2
N1-Cu2-Cu1
N2-Cu2-Cu1
O3-Cu2-Cu1
O2-Cu2-Cu1
C9-N2-C8
C9-N2-Cu2
C8-N2-Cu2
C4-O2-Cu2
C4-O2-Cu1
Cu2-O2-Cu1
O1-C2-C3
O1-C2-C1
C3-C2-C1
C11-O3-Cu2
C11-O3-Cu1
Cu2-O3-Cu1
C2-C3-C4
C2-C3-H3
C4-C3-H3
C17-N3-C21
C17-N3-Cu1
C21-N3-Cu1
C13-O4-Cu1
O2-C4-C5
O2-C4-C3
C5-C4-C3
C4-C5-C6
C19-C20-H20
N3-C21-C20
N3-C21-H21
C20-C21-H21

Angles
173.16(5)
78.27(4)
134.74(4)
135.14(4)
39.35(3)
38.99(3)
121.95(13)
124.45(11)
113.57(10)
126.53(9)
130.29(9)
103.14(5)
128.06(14)
113.90(13)
118.05(13)
126.89(10)
130.32(10)
102.78(5)
126.64(14)
116.70
116.70
117.21(14)
117.87(10)
124.14(11)
124.27(10)
120.40(13)
117.90(13)
121.70(14)
128.14(14)
120.70
123.19(15)
118.40
118.40

Atoms
O4-C13-C12
O4-C13-C14
C12-C13-C14
C13-C14-H14A
C13-C14-H14B
H14A-C14-H14B
C13-C14-H14C
H14A-C14-H14C
H14B-C14-H14C
C6-C15-H15A
C6-C15-H15B
H15A-C15-H15B
C6-C15-H15C
H15A-C15-H15C
H15B-C15-H15C
C9-C16-H16A
C9-C16-H16B
H16A-C16-H16B
C9-C16-H16C
H16A-C16-H16C
H16B-C16-H16C
N3-C17-C18
N3-C17-H17
C18-C17-H17
C17-C18-C19
C17-C18-H18
C19-C18-H18
C18-C19-C20
C18-C19-H19
C20-C19-H19
C21-C20-C19
C21-C20-H20

186

Angles
127.95(14)
113.05(14)
119.00(14)
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
109.50
123.43(15)
118.30
118.30
118.80(15)
120.60
120.60
118.65(16)
120.70
120.70
118.70(16)
120.70

